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NOTICES

Qualified users may obtain copies of this report from the Defense
Documentation Center.

Defense Documentation Center release to the Office of Technical
Services is not authorized.

When U, S. Government drawings, specifications, or other data
are used for any purpose other than a definitely related Government
procurement operation, the fact that the Government may have formulated,
furnished, or in any way supplied the said drawings, specifications, or
other data, is not to be regarded by implication or otherwise, or in any
manner licensing the holder or any other person or corporation, or
conveying any rights or permission to manufacture, use, or sell any
patented invention that may in any way be related thereta

If this copy is not needed, return to AFRPL (RPRPD), Edwards,
California, 93523, - .
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Attertion Lt. Joha L. Feldman, RPRPD
Coatract No. AP O4(611)-10532
APS? Project No. G753

Gentlemen:
Special Report--"State-of-the-Art Survey
of Metallic Bellows and Diaphragms for
Aerospace Applications”
Enclosed with this letter are five (5) copies and (1) repro-
ducible master copy of Technical Report ¥o. AFRPL-TR-65-3PVS This special

report has been prepared as an initial part of & 2-1/2-year pregrem on the
"Developaent of Analytical Technigues for Bellows and Disphragm Design". -

On March 1, 1955, the Air Force Rocket Propulsiom Lahoratory,
through contract with Battelle Memorial Ianstitute, undertook a program to
establish analytical d=sign procedures, stress-analysis methods, techniques
for manufacturing control, ani other fuctors essential to the successful
design and fabrication of metallic bellows and disphragms. These objectives
were to be accamplished 9y the following tasks:

1. The survey of knowledée available from the open literature and
from industry on the design, analysis, fabrication, and testing
cf bellows and diaphragas

2, The identification of parsmeters pertinent to the design of
bellows and diaphragms )

3. The development of improved stress-analysis techniques ani
design procedures utilizing mathematical wmciels and computer
techniques

4. Tae investigation of improved fabrication, assembly, and testing
techniques

ODEDICATED TO THE ADVANCEMENT OF SCIECNTE
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S. The verification o; selected anslysis technigues and design
procedures through taboratory evaluation

6. The classification of bellows and diaphragas

T. 'The publication of the prograam results in handbook format
for distribvition tc selented fucilities.

The enclosed special report hae been prepared to summarize the
resulis of the literature and industry survey for possible interested facili-
ties. In addition, the report presents recamendations for activities during
the reminder of the program which preclude the duplication of work forserly

condusted, and which require priority to accomplish tbe objectives of the
Air Farce.

We have appreciated the opportunity to conduct the literature and
industry survey and we look forward to the further achievement of the program
cbjectives. Any camwents on the researcl: program and on this report will
be appreciated.

Very truly yours,

T. M, Trainer, Director
Aerospace Coaponents Division
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s report swmarizes research conducted under USAF Contract lo.
0h(611)-10532 from March 1 to July 31, 1965. This contract was established
under Air Force Program Structuze No. 7503, APSC Project No. 6153, APEC Task
No. 6T5304. The work was performed by Battelle Memorial Institute for the
Air Force Rocket Propulsion Laboratory, Research and Technology Division,
Edwards Air Force Base, with Lt. John L. Feldman and Messrs. A, D'Arcuiiielo
and Roy A. Silver serving as contract monitors. The principsl contributors
to the report were: Dr. L. E. Hulvert, Dr. R. E. Keith, and E. C. Rodabaugh,
Senior Research Engineers; Dr. H, J. Grover, Senior Fellow; aad T. M. Trainer,
Program Mansger. :‘

Pnblic_;t:lon of this report /does not constitute Air Force approval
of the report’'s,findings or conclucions. It is published only for the ex-
change and stimulation of ideas. {

/
John L. Feldman
1/1t., USAF /
Project Engineer
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A 2-1/2-yesr program has been undertaken to establi 1sh spalytical
design procedures, stress-analysis methods, technigues for mnufacturing
comtrol, and other factors essential to the successful design and fabricstion:
of metallic bellovs and diephragus. The initial phase of the program has
included & state-of-the-art survey to assist in the determinetion:-of the

best means of accomplishing the over-all program cbjectives. This repart
sumarizes the results of the sizvey and presents reccimendations for the

remainder of the program. An ammotsted bibliography of 376 references is
included. ’
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The Air Force Rocket Propulsion Laboratary has a primary responsi-
bility of providing advanced technology for rocket propulsicn systems through
exploratory development programs. As a part of this missich, improvements’
in the performance ard reliability of fluid-system components (valves and
regulators) are being pursued vigorously. This is being atcoiplished by -
vestigations into individual component parts or modules; i.e,, seals, fittings,
seats, poppets, and actuatora. ‘

) The Air Porce Rocket Propulsion Laboratory, through a contract
with Battelle Memorial Institute, is establishing analytical design pro-
cedures, stress analysis methods, techniques Por mapufacturing comtrol, and
other factors e=ssential to the successful design and fabrication of bellows
and diaphragms. The final results of the program will be published in hlnd-_
book format which will be distributed to selected facilities.

The initial phase of the program has involved a literature and
industry survey to determine the present state of the art of beliov}s and
diaphragms. This report summarizes the results of the survey and presents
recommendations for activities during tke remainder of the program which
require priority to achieve the cbjectives of the Air Force.
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SUMMARY AND RECOMMENDATTONS

Approximately 50 manufacturers are engaged partially or entirely
in the design and manufacture of netsll:lc bellows and diaphram Jor the
aerospace industry. The availability of bellows is significantly different
from that of diaphragms. Bellows are used in sufficiently large quant;ltie_s
that most manufacturers offer a range of sizes and materials. Althbugh
bellows for aerospace applicetions are rarely stock items, toolins 1s a.m:ll-
sble for "standard" ccafigurations and delivery can usually be made within a
period of several weeks. Bellows are available as separate items and a3

special assemblies. Diaphragms, on the other hand, are not usually advertised

for sale. While diaphragms can be obtained from certain firms on special
order, most diaphragms are designed and fabricated "in-house" as parts of
particular components. )

Considersble theary has been developed concerning the behavior of
bellovs and diaphregms. However, the theary 1s complex and the perforaance
of the actuzl items is affected by variations in material and fabrication
parameters; congequently, bellows and disphragms are designed almost entirely
on the basis of empirical methods and experimentsl data developed by each
compeny. Thus, while it is possible to predict the performance of beilows
similar to those which have been manufactured and operated previously, it
is difficult to predict the lierfomance of new designs, or of old designs
operating under new coniitions.

Considering the wide variety of factors influencing the operation
of aerospace bellows and diaphragms, the performance of these items is better
than might be expected. However, it is believed that their performance wili
be significantly improved through the accomplishment of the major cbjectives
of the program, i.e.: )

1. The development of improved stress-analysis technigues and
design procedures utilizing mathematical modals and computer
techniques
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2. The investigation-of-lifroved fébicatica, assesbly, and
testing techniques

3. The verificatioa of selected analysis techniquu and desicn
procedures through laboratory evaluation 3

L ’

4. Tae claui!.icat:lon of bellows and d.uphnm S

5. The pm:lico.tion of the program ruultl in hnndbook foﬂlt for
distribution to selected farilities

A large amount of work has been done on the design, fabrication, ©
and evalustion of metallic bellows and diaphregms. The many configurations
and perfarmance characteristics cousidered, s£ad the many design spproaches
utilized make the application of this inforuation difficult. During the
remainder of the program it is recommended that the esphasis de directed to
experimentally determining the accuracy and range of validity of .the most.
meaningful theories and synthesizing these theories into an easily used
design procedure. DBecause of the intensive effort being devoted elsevhere. -
to the study of the large plastic deformation of metallic bellows and dis=
phragas, it is recommended that the present :Srograa be concerned with: ut_g;.[.ic
bellows and diaphrages operating largely in the elastic region. It is further
recomsended thst the work on diaphragas be limited to corrugated disphragas,

because this type of diaphraga is usually used in serospace components.




LITERATURE AND INDUSTRY SURVEY

The literature survey included a review of technicul papers, text-
books, articles, and government reports on bellows and diaphragn design, per-
formance, and analysis. Selected material in related areas such as manufac-
tuwring, stress analysis, and testing was also reviewed. The industry survey
included the solicitation of brochures from manufacturers, and trips to repra-
sentative manufacturers and users of bellows and diaphragms to datermine the
design, fabrication, and evaluation Procedures currently in use.

Literature Sur;_ez

An extensive bibliography of pertinent published material was pre-
pared. Many of these references had deen jdentified during the conduct of pre-
vious projects at Battelle. Additional references were located by a detailed
search of Applied Mechanics Reviews, Chemical Abstracts, Instrument Abstracts,
Applied Science and Technology Index, Nuclear Science Abstracts, and U. S.
Governmen: Resesarch and Development Reports. Copies of most of the references

-~ were ordered. As the material was received, it was reviewed and abstracted; and
copies of other pertinent articles were ordered. Approximately 500 published
references were reviewed.

To locate additiomal govarnment rep'crts, machine searches were re-
quested from the Defense Documentation Center and from the Scientific and
Technical Information Division of NASA. It was requested that the IDC search
include the years 1950 to the present, while the STID search was reaquested

* for the years 1961 to the present. (The file in the latter facility has only
recently been automated.) A search was also made of phe Transducer Information
, Center at Battelle, which is sponsored by the Air ro&'ce, and a bibliography of
; reports was requested from the Interservice Data Exchunge Programs. The IDZP
is a group of coxpanies and govermment agencies that circulates brief reports
on the test resultc of various asrospace components, to eliminate the duplica-
; tion of costly testing. As a result of these injuiries, 61 refc.erences were
{ ordared from the DDC, 24 from the STID, 18 from the TIC, and 21 from the IDEP,

———— e~ —m— — - - -
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An ennotated bibliocnptv of the most porumt rotu'mn mund
during the literature survey is presented at the end of the mort A ml-

ination of this material will shov a large smount of information- of & thooreticul

nature. A significant amount of informatica pertains to duin lnd omi-
mental enluation, but there is little information nn fobrmction. Althouh
useful mfomation may remain in as yet unlocated government roportl, the
references listed in this report constitute a ressonsbly comprehensive biblio-
graphy of the unclassified literature on metallic bellows and disphraal

Industry- Survey

Initially, letters were sent to advertised manufacturers of bell!vu
and disphragas requesting design information and brochures. As the progrim
Frogressed, additional firms were identified and trips were mads to 21 repre-
sentative manufacturers. Tsble 1 lists the manufacturers identified during
the swrvey, and the types of bellows and diaphragms mede by these firss.

Visits were also made to four representative users of bellows ani
diaphragms: (1) Atovdcs Intermational, Division of North American Aviation,
(2) Calmec Manufacturing, (3) The Missile and Space Division of .Douglss Air-

» .

craft, and (4) Parker Aircraft. Atomics Internationsl has done considerable work

for the ABC on the design and evaluation of bellows far high-tesperstufe condi-
tions where fatigue and ¢reep arc primary conciderations. Calmec is primarily
a manufacturer of valves, many of which use electroformed bellows with low
spring rates and large deflections. Both the Sants Monica and Huntington Besch
facilities of Douglas ars utilizing bellows on the Ssturn IV and otker aero-
space applications. Parker Aircraft uses bellows for & variety of pressure
measurement and actustion applications.

TYPICAL: BELLOWS . AND. DIAPERAGME
Bellows and diaplragms are thin elements vhose deflection character-

istics are utilized to provide movement in the structure of fluid systems.
Usually these items are used vhen the need Tor motion is combined with the need
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for s hermetic seal. Bellows and diaphragas nre made in many giiujand shapes
from a variety of materials. This sectioh of the repirt summarizes the princie
pal types of metallic bellows and disphragas that have been manufastured, and
the major types of applications in which they have been used. -

By mutual agreement with the Air Farce, the prograx is concerned
only with bellows and diaphragms which operate either totally within, or
largely within the elastic state. Thus, the work which has been cone to
develop bellows and diaphrages as expulsion davices for fluid systesis is not

described in this report, althougn references -on the subject are included in
the bibliography.

Bellows-Convolutions

Most metallic bellows are cylinirical clements which contain annu-
lar circunferential corrugations. In flexible hose, the carrugations .ay be
formed in 2 continucus helix. Some hellows are not cylindrical but have ellip-
tical or other noncircular cross sections. EHowever, these shapes are suffi- "
ciently unusual that they are not included in 4{he prograz. -

Bellows are classified according to one of the four primary methods
of manufacture, i.e., (1) formed, (2) welded, (3) deposited, or (k) machined.
Within these classifications, the bellows are usually categorized sccording
to the appearance of the convolution cross section, as shown in Table 2.

Formed Bellows

Farmed bellovs constitute approximately 75 percent of the bellovs
vhich are manufactured. They can be produced in a variety of materials and
sizes at relatively low cost. Dimmeters up to four feet are readily avail-
able ani on= manufacturer adwertises dismeters up to 50 feet. Althcugh Table
2 shows only single-ply. configurations, most formed bellows can S: made with
multiple plies. '-!'hrée- and four-ply bellows are common. Multiple plies arz
used to provide a lower spiing rate.timn would be cbtained with a single ply
equal in thickness to the total thickness of the multiple plies.

Semitoroidal, Semitoroidsl bellows are sttractive for materisls
vith relatively low ductility. The form also offers good pressure-capability

10
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Senitoroidal

[U-Shaped

very good

very good

[U-Sbaped, Ext. Ring

[U-Sbaped, Int. Ring
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and stability. The convolutions may be -truly semicircular, elliptical,wown weswew:
sane combination of curvas. A low deflection capability per convolution and

« b e
b}

& high spring rate are major limitations of this configursztion. SR *
U-Shaped. Wnen flat sections are placed detween the semitaroidsl ‘e

sections, & U-shsped, or flat-plate-bellows cornfiguration is formed. Over 50-
percent of all the bellows are of this typ=. The shaps is amenable to any of’

the methods for manufecturing formed bellows, a veriety of performsnce charac- - )
teristics can be achieved by varying the radii and depvh of convolution, and
supparting devices are easily lnstalled externallg.r ‘or internally. -

¢ . ~ .
' .

S-Shaped. The S-shaped Yellcws is similar to the U-shaped beliows.
By slanting the straight sections between the semitl:roidal secticns, or dy
connecting the semitoroidal -sections with curved sections, it is possible to
form more convolutions and thus achieve more deflection rer unit length. Tae-
S-shaped bellows is not as easy to manufacture, and is not as amenable to th= -

use of cupporting devices as the U-shaped bellows. e
Toroidal. Toroidal bellows have been developed tc reduce the pressure- -

induced stresses in the bellows. By using a shaps which is essentially cir-
cular, the affects of pressure are more evenly distributed along the convolu-
tion. In addition, the st;"'esses in the convolution are less affected by an
increase in bellows diameter than is the case with the other convolution
ghapes. The Marquette Coppersmithing Coepany claims that their "OMEGA" shape
distributes the stresses more evenly than a true toroidsl bellows. Zallea
Brothers advertise a "HyPTor", or modified toroidal shape which is satisfac- '
tory for intermediate pressures and is more flexitic than a true {oroidal
shepe. Althcugh the toroidal bellows permit high operating preséures, it is
more difficult to manutacture than the other Zarmed bellows and has a high
spring rate.
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Weldsd Bellows ' ot e .

Approximately 20 percent of the mnu.f.uctured bellows have wlded
convoiutions. Weldad bellows are made vp of sheped duphrfﬁs which are lJ.{:cr-
nutely welded together at the inner and outer dismetei's. nthough tbcy u-e -

more exyensive to manutacture than formed bellows, weldsd bcnm ofter three
significant advantages over formed bellows: (1) a wider cholée of materials,”
(2) more dsflection per unit length, resulting in shorter assemblies or
lopger strokes, and (3) a wider choice of performance characteristics because-
of a graater variety of convolute dimensions and shapes. Although Sealol is
offering & two-ply weided bellows, most welded bellows have & single ply. .

) Because the diameter of the welded bellovs is determinad by the
diemeter of the stamped diaphragm, welded-beilows nzes are limited by the.
available stanping equipment, In general, welded bellows are available in
sizes from 1/2 inch to T inches cutside dismeter, but bellows in excess of 12
inches in diameter have been produced.

Table 2 Mi_zf_s tht of u?ld.d convolutions, and their
primary characteristics. Most welded bellows are of the nested-ripple coufigu-
ration because this design mekes maximum use of the advantages of low spring
rate and coxpactness. However, the other configurations have attractive
characteristics for. certain applications.

Deposited Bellows

Two kinds of deposited bellows are commerclally svailable: chemicslly
dopoutea,-""m@ electrodeposited. Both methods can be used to produce any
shape thet can be dsposited on & machined nandrel. In esch method an aluminis
mandrel is machined for eech bellows, ard after the bellows material is
deposited, the mandrel is dissolved. The primary advantages of the procssses
ave the sbility to produce: (1) very thin-walled bellows, (2) nonwelded
bellows, (3) very small bellows, and (4) some specisl shaped bellows.

Chemically deposited bellows are produced by Mechmetals Corporation
from & material called "Mechmetal”. Although the materisl is ackncwledged o

13
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be about 95 percent nickel, its exact composition and the method. b“avhich i.*l:~
is deposited are proprietary. Chemically deposited bellows can be ...BT:%Z“
wall thicknesses from 0.0003 inch to 0.005 inch,. and with dismeters, from 0,050
inch to T7.00 inthes, Electrodeposited or electroplated bellows are.ususlly. .
produced in nickel or nickel-cobalt alloy. Sizes are.availsble from 0. 23 e

inch to 1.250 inches in diameter, with wall thicknesses varying froz. 0,0003...
inch to 0,006 inch. -

Machined Beliows

Machined bellows are turned or grm'md from bar stogk, tubing, or -
forged rings of most materials used in other types of metallic bellows, as
well as of materials not found in sheet stock. High-strength, high-enduranze
heat-treatable tool steels, in addit ion to high-strength, lo'ur-nodulus titanium
alloys can be used. The design of machined bellows is customized, vith 208t
nchine&.bellovs having high sprﬁng rates. lhchined bellows have been made
from 1/4 inch to 60 inches in diameter, for pressures as high as 12,000 pei.

Bellows Assesblies

Although bellows can be used in an extremely wide variety of ways,
certain types of assemblies have became relatively cammon. In general, these
assemblies, some of vhich are shown in Figure 1, prevent certain types of
motion and 1imit other types of motion. :

Braided

Bellows with .2 length-to-dismeter ratio greater than 1 may be dis-
torted by internal pressure in a mannér referred to as “squirm". When squira
occurs, the pressure may not be.:sufficient to distort the individual coanvelu-
tions, but the bellows may deflect as a column; causing dsasge to one o more.
convolutions. Metal braiding is commonly used to provide extermal support:
for such bellows and to p_rotegt the bellows from ,exterx):al damege. This con-
figuration is most cammon.in flexible metal hoses, RBraiding may cause _
sbrasion of the bellows and it may accelerate corrosion o? the bellows.

L




Universal Assemdly

Internal Gimbel-Universal Asesshly. .

(Permission has been granted to use the above regroductions by the Asrogquip
Corporation/Marman Division, Los Angeles, Caiifcrnia) )
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A bellows may be provided with an internul sloen to reduce fluid-
scrubbing contact with the bellows. Such contact can ciule rlaw losses,
abrasion, qoise, and flow-induced vibration which can lead to early failur.e. : ‘.
An internal sleeve can also be used to limit the amount of vellows compression.

et ahted e Ry Ao

o~

Blide

A glide’assembly is similar-to a sleeve auqd:ly_eiﬁcept that tele-
scoping sleeves provide axial guiding and prevent squira. Slide assemblies
are attractive for systems subjected to high surge pressires and températures.

Universal ‘ T

A universal assenbly contains two bellows jJoined by a dommon zon-

nector for the purpose of absorbing any combination of the three basic move- ..
ments, i.e., a.xm deflection, lateral deflection, and. qnsula.r deflection.
Limit rods are ot‘ten used to distribute the movement between the two bellows .

and to stabilize the: coomon connector. This conﬁgurst:lon can tolerate more
.lateral deflection or offset than one bellows equal in length to the two
bellows.

Internally Linked

Internally linked assemblies utilize struts inside ‘the bellows in
the flow stream to limit mnt in all directions. Such ugedi;:;es are
simple, compact, and lightweight, but they introduce significant’flow losses.

Hinged

- A hinged bellcws is designed to permit angular deflection in one .
Plane cnly by the use of a pair of pins through hinge plates attached to the
: ends. The hinges and hinge pins must be designed to resist external forces
and thrust due to internal pressure, .

;”: 16
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Gisbaled ' e e L e

Gimbsled bellows assemblies provide for angular deflection in any
direction from the tubing axis. Internal, or external gimbals can be: used.’ *
They are made with two sets of hinge plates attached to a gimbal ring and
function in a manner similar to a universal joint.

Pressure Balanced

A pressure-balanced bellows ‘assembly is desum.:d to absorb axial move-
ment and/or lateral deflection while absorbing the end thrust by means of tie
devices interconnecting the flow bellows with an opposed bellows also sﬁb.jécted
to line pressure. This type of assambly is normally used where a changs of -
direction occurs in a run of piping. v

Bellows Applicstions

Bellows are used primarily in iwo ways: (1) as motion compensators,
and (2) as calidbrated transducers. Typical spplications are discussed briefly.

Expansion Joints

Many bellows are used as expansion joints to compensate for move-
ment occurring in pipe lines as a result of temperature changes md/or as a
result of external losding. With the wide variety of piping systems, move-
ment can be transmitted to a bellows as compression, extensiom, offset, rota-
tion, or combinations of these motions. Most of the “standard™ bellcws as-
semblies have been developed to compensate for thermal changes in industrial
tubing and piping systems. )

Flexible Connectors
Bellows are often used to ccampensate for structural deflectioas,
mnisalignment, and tolerance sccumulstion. These functions may be fulfilled

oy a short, plain bellows, or by relatively long, flexible metal hoses with
metal braiding or other types of exterior covering.

17
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Pressure and Temperature Sensors =

One of the most common uses for bellows is the actuation of some o
device as a function of a change in the pressure or temperature of a fiuid- .
system. The fluid may be external or internmal:to the bellows. For temperature ‘e

sensing, the bellows system often incorporstes a liquid whose vapor pressure -
reflects the temperature being sensed. The vapor pressure is then used to
actuate the bellows. When the bellows moves in response to pressure.changes,-
the movement is utilized to actuate a device such as a valve or switch. Because
the bellows responds very quickly to changes, the movement-can.be used as a
proportioning signal as well as an on-off signal. Liaphregms and Bourdon .- .
tubes are also used extemsively for these functioms. .o i

Snaft and Eni-Face Seals

Although most reciprocating shafts -are sealed with some type of .
packing, increasing requirements for relisble, hermetic sealing bave resulted .
in the-wider use of bellows for.this purpose. . The ability of a bellows to
provide sealing and to act as a spring and motion campensator makes it ideal - -
as & means of pressing face seals together on rotating shafts. Because of
their coapact comstruction and low spring rate, weldsd bellows are cormoaly - -
used in face-ssal asseablies.

H . . -

Hydraulic Motors and Actuators

s

For. small power requirements, particularly for remote operation, bellols
can be used for converting mechanical work to hydraulic work or for converting
hydraulic wori 40 mechanical vork. For example a liquid-filled system may -
consist of two bellows connected by tubing. The movement of ove bellows causes
movement of the other bellows.

Vibration Deapeners .

Sust as springs with frictional elessnts for energy adsarption sre: .
used as vibrstion dampeners. in mechanical systems, bellows: are used as

18
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vibration despeners for fluid-comteining structures. Becausé the beilowis
itself responds to certain vibration frequencies, care must be taken to sssure
that the bellows is not excited by the frequencies tranmmitied from the systes
structure.

Accumlttor'c and Shock Absorbers

In a hydraulic system, a bellovs can function as & flexible con-
tainer to maintain oil flow or to absorb surge pressures. The primary cequire-
ments are long stroke, resistance to high differential pressure, and quick
response. »

Sy

Voluse Compensators

For liquid systems of amall volume, bellows furaish an attractive
means of coepensating for fluid expansion or contraction. Hermetically sealed
floated instruments such as gyros and accelerometers are typical spplicatious.

Flexible 8

Although ballows are not usually designed to transmit torsional
loads, bellows have been found to be attractive for tranmmitting small tarjues,
particularly for instrumentation-type equipment. The bellows can tolerate
some misalignment and the torsional stiffness of the bellows insures sccurate
rotational transmission. Bellows-type flexible couplings are available for
shafts up to 1/2 inch diameter.

Con, ions

A diaphragms is a thin disk-like elemsnt which deflects in a direc-
tion substantislly perpendicular to its flexible surface. Metallic diaphragas
are classified as flat or nesrly flat, and corrugated. They are used primarily
as actuators to transform pressure into linear motion and force. Corrugated
diaphragas are preferred for serospace compounents such as valves and regulators
because their average sensitivity over a large range of pressure is grester than
flat disphragas of the seme size, their zero-position under no-load is more
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stable, much larger deflections can be cbtained without permanent deformation,
and a variety of pressure-deflection chdact'e_giltics may be cbtained for a_given
size disphrage by usirg different depths or .hipep of carrugations, 'ms xeport
is concerned only with corrugated diaphragas. . ’ .

In. contrast with the variety of information on bellows sizes and
shapes contained in the open literature and listed in catalogs, little informa-
tion has been cbtained on commercially available corrugated diaphragms. The
most complete discussion of possible diaphragm configurations and their per- Y
formance charasteristics 1s contained in a publicstion by Newell™) vhich has
been approved by the Diaphrags Research Subcommittee of the American Society |
of Mechanical Engineers. ) ",

In general, the work reported by Newell'l) and by Wilnack, et a1.(®)
sho#s that the effect of iuncreasing the mmber of corrugations is to increase
the initial flexibility as well as the average flexibility over the usable
range, although diaphragms with more corrugations mey be more nonlinear. Dia-
phragas with shallower corrugations exhibit better initial flexibilities within
1imits but at the expense of decreasing the linear rsnge. According to Wildhack,
et al.(®) atapnrages made vith trisngular and trapezoidal sbapes provide linear
force-3=flection characteristics for deflecticns up to at least 2 percent of °
the diameter with the trapezoidal shape being slightly stiffer and the tri-
angular shape being slightly more flexible than the corresponiing diaphragm
#ith the sams number of circular corrugations. Although empirical relstion-
ships heve been developed, the design of corrugated diasphragms is reported to
be largely a process of trial and error.

According to a survey by Giannini Comtrols, (3) corrugated diaphraas
are manufactured in sizes from 0.875 to 6.0 inches in diameter, and are
usually joined together in pairs to form a capsule. They can be used to
sense pressures from 0.5 to 400 psi; hovever, the majority of units are used
to sense pressures from 5 to 100 psi, and most units are less than 2.5 inches
in diemeter. Most disphragms will not be more than 1 percent nonlinear if
the displacement is kept below 2 percent of the diameter. If nonlinearity
of more than 1.percent is acceptable, displacements up to 5 or 6 percent can
be cbtained. '

Weferences are given on page 67.




Disphrags Applications

\
" The publication by mn(l) lists 15 major and several minoe .appli-

cation classifications for corrugated disphragas. ‘ The most important applice-
tions from the standpoint of this program sre: (1) pressure ani tgupersture

sensors, (2) linear shaft seals, and (3) volume compensators. Sinde these
applications have been discussed previocusly for bellows, they will not be
repeated herz. It should be noted that the primary sdvantages of diaphragms

as compared with bellows are grester sensitivity and mare compect shape for
sose components. Low deflection and low pressure cmbﬂity are the primsry
limitations of disphrages, although the pressure capability is often sltered by
the use of springs. '




The theoreticat inve_st:laatim of the performance of bellows and
diaphragas has had a long and sametimes colorfal history. The main theoreti-
cal developments have taken place in the last half century .since ‘the derive-.
tion of the H. Reissner-Meissner equations for the linear elastic deformatiods
of the shell of revolution. FPrior to the deveiopment of computers, the inves-
tigations were limited to attempts to derive approximate formulas for :the
stregses and deflections in axisymmetric shells of specisal sha;es. However; -
the development of digital computers and the accompanying develcpment oft
numerical methods has made it possible to cbtain direct mmerical zolutions.:
for the deflections and stresses in axisymmetric shells of arbitrary xerid- .
ional shape.

This report section gives a brief description of approaches thet
have been used for developing solutions to the elastic deformatica of Hrllows
and diaphragms. The approaches may be divided. into three major categories:
(1) analytic, (2) finite-difference, and (3) direci-integration. The Giysci-
integration approach will be discussed in some detail, since it is believad
to be the most useful.

The Analytic Approac

The analytic solution for a general shell of reviiution having an
arbitrary meridional profile has not yet been found. However, approximate
solutions have been derived for certain shells having constant meridional
curvature, These include comical, toroidal, spherical, snd cylindrical shells.
Most bellovs snd diaphragms can be considered to be made up of s number of
_ segments of shells of this type, and it is possible to synthesize salutions

to these bellows and diaphragms by appropriately cambining th» solutions for
their segments. An attempt to calculate the stresses in dellows ard disshragms
in this way will be called the analytic approach.

As noted above, the theoretical analysis of shells of constant
curvature has been studied inténsively for the last half century. The biblio-
graphy lists some of the papers that have beep written in this area. The
pumber of papers bearing on the theary of axisymmetric shells is so great
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that only s selected 1ist could be incorporated. However, except for the
toroidal bellows, coly & smil number of beliows or disphrega probleme have
beer solved by combining the various analytic sclutioms.

An early spplication of this technique to the calculation of the
styesses in a diaphragm wss reported in & paper by Grover and Bell. (5) This
solution required the iaversion of a 40 x 40 matrix on & desk caleculater!

Of course, present-day applications of this technique use & computer to solve
the matrix equstions. A well-known application of this technique to the
bellovc problem is given in the paper by Laupe and Ve:u (5) Also, in a recent
study 6 7:8:9) pomics Znternational Division of Borth Aserican Aviation,

Inc. developed a computer progras thal used the analytic qprmch for apalyzing
single-ply toroidsl and convoluted bellows with and without reinforeing rings
and single-sweep welded bellows. ’

The chief disadvantage of this approsch is that 1t is limited to
bellows cr diapiragm configurations. that can be made wp of sections that can
be solved analytically. Beckh section, in addition to baving constant merid-
iomal curvature, must alsoc have constaznt thichnu and must be isotropic and
hmous. These parameters can be allowed onryfrau—utto segaent

“to sccount for the nonuniform thickness or varistioa in the elastic myertin

of the bellows. Eovem, unless the beilows is broken into & fairly hrae
nusber of scgments, this may not be a satisfactory way to apprai:te shells
with wwrying thickness or elastic properties.

Firally, all of the attqts to cbtain relatively simple spproximate
forsulas for bellows prodblemd by making further sm)éging assuptions ave
snalytical spproaches. The paper by Turner and Ford'  ‘ gives one example cf
suck an approximate sciution. Many others are included in the dibliography.

The Finite-Difference h

The finite-difference approach involves choosing a set of grid points
along- the bellovas and spproximsting the differential egquation by finile-
difference equations defined at the grid points. ‘This approack has been used

a8 the basis for & musber of computer nclutionl for probla: imnlﬁu shells
of revoluiion. (11,12,13,1h) g i

a3




e e . s s S e i T 2t TR T BN A T P I T S R A3
. rvgy ~
= . e ey ERa LT
¥ ! P - -
EH - P . .
. N &
.

This technique is quite general and may be applied to the solution of -arbitrarily

[P

_ shaped thin shells of revolution with varying thickness and elastic ‘paraaétersk, .
! Considersble progress has been made in solving the large matrices-of the'type "* - .
that are encountered in this technique. These matrices are quasidiagofisl-and; - ‘
can be solvegl by successive elimination and back substitution technique. As .
a result, bellows problems can be solved by finite-difference codes such.ss the ‘

4700 coae™®) or the CEGB code™) in a matter of one or two minutes on com-

{
puter machines of the IBM 7090 class. {15)

Finite difference programs have been written with the capability of
analyzing a variety of bellows co'nfigurb.t'ions and loading conditions. For
example, the AVCO code permits the analysis of bellows with both axisymmetric
and nonsymmetric loading in the linesar elastic range. It also permits the
anelysis of multi-layer shells in which the layers are completely bonded together
along the entire length of the sh2ll. The code developed at Bell Aerosysteums
Canpamr(lé) permits the analysis of the linear and nonlinear axisymmetric elas-
tic deformation of bellows and the camputer code recently d.eveloped at m(l7)

e s 1

" permite the analysis of axisymmetric plastic deformations of shells as well as ..
- /@_@wstic deformation.
’ The chief disadvantage of the finite-difference techniques is that e

the accuracy of the solution depends on the choice of the mesh point spacing.
Since this dependence is not known beforehand for a given problem, the user
will either have to choose a mesh spacing finer than necessary or risk having
to run {;he problem over again if his criginal choice of mesh spacing is not
fine enough. This dilemma is even more serious when an iterative solution must
be obtseined for nonlinear problems. The direct-integration approach provides
a way of overcoming this difficulty.

'
'
H
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The Direct-Integration Approach

A nunber of direct numerica'l integra.tio'n schemes have been developed
for ordinary differsntisl equations. Since most problems involving axisymmetric
rhells can be reduced to one-dimensional problems involvirg ordirery differen- ’
tial equations, numerical irtegration techniques can be used to solve them.

# The capavility of taking varying thickness and elastic parameters into
account includes accounting for discontinucus changes in these quantities.
This permits analysis of end fittings, weld beads, etc.
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This fact has been long recognized. The iwrchlenms mentioned:-abawa-thst hava
been solved by finite-difference teéhniq‘u'e;ﬁ also-be-solved-by dffects -
integration techniques. One of the first computer solutions to'a coavoluted -
diaphragm problem(le) employed the Runge:Kutta integration approach.’ -Bubses:
quent to-this work, a number of computer solutions were cbtained with the  Riinge-
Kutta techn:!.g).tegx'g5 However, it soon became apparent that the direct-intezration
techniques became inaccurate if applied to some shell problems. This phenomendn
is discussed in the paper by Septowski, et al.(lu) Briefly, the difficulty -
stems fram the fact that self-equilibrating boundary loads on shells give rise
to stresses only in a narrow "edge-effect” zone near the boundary. In solving
a shell problem, it is necessary to take into account the boundary loads at
both ends of the shell. However, the direct-integration approach integrates
from one end of the shell to the other. As the effects of the boundary loads
begin to decay, the numerical integration procedure begins to encounter truasca-
tion errors. If the shell is long enough, the truncation errors coupletély
obliterate the desired answers. This effect might not be serious if the inte-
gration is carried out over only a half-convolution of nost',_‘bellows. However,
an integration over a full convolution would probably be inacéurste.

As a result of this deficiency in the direct-integration technique,
many irvestigators turned to the finite-difference technique discussed above.
An indication of this was that more of the general computer programs dis-
covered in thas literature search were based on the finite-difference than the
direct-integration approach.

An ingenious way to extend the range of applicebility of the direct-
integration technique to include long shells has been developed by Dr. A.
Kalnins. (®) A similar technique apparently vas derived independemtly by
Goldberg and Bogdanot, 21) by Mirabal and Dight®2) and by Cohen. (23

The essence of this technique is that the shell is first broken up
into relatively short segments. The solutions for these segments are cbtained
by the direct-integration techhique.. Then these so'iutions are combined in
such a way that the continuity equations between segments and the boundary con-
ditions at the ends of the shell are satisfied simultaneously. This approach
is similar to some of the analytic approaches that have been used. The princi-
pal diftex;ence is that the solution for each gément is determined by numeri-
cal integration rather than by analytical formulas.
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.solve the same bellows problems that have been considered us:lns the finite-

It was mentioned earlier that direct imtegration could be used to - .

difference technique. For example, the Yale code( 20) pernits the a.nllysis -
of the symmetric and nonsymmetric deformation of isotropic or orthortropic .
single- or multi-layer shells of revolution. (Here, as in the AVCO code, a
miiti-layer shell is considered to have layers completely bonded togsther
along the entire length of the shell.) Arbitrary variations in thickness and
elastic properties, including discontinuous variation, are easily accounted for.
Thus, the effects of end fittings and weldments may be considered. Cohen(za)

has also developed a computer program tnat permits the linear elastic a.na,‘lysis

of orthotropic shells subject to either symmetric or nonsymmetric 10_&#8. .
Recently, the Yale code was extended to permit the analysis of the nonlinear
axisymmetric elastic deformation of bellows..(au) As yet, there does not appear
to be any program that utilizes the direct-integration approach to solve for

the plastic deformation of bellows. However, this problam appears to be amenable
to the direct-integration approach. .

Taus, it appears that the multisegment direct-integration approach.
is fully as general as the finite-difference approach for shells of revolutiom,
The big advantage of the direct-integration.approach over the finite-difference
approach is that the integration step size is automatically selected by tne
computer to give a uniform desired accuracy at all parts of the bellows., Tais
means that the designer need not warry about choosing the mesh size as in the
finite-difference approach. Further, with the direct-integration approach,
he has control over the aczcuracy of the answers in contrast to the a.nalytic-
approaches where the accuracy depends on the accuracy of the approximations
made in deriving the analytic solution.

The multisegment variation of the direct-integration approach seems
to have eliminated the major disadvantage of this approach. It appears to be
applicable to all problems involving thin shells of revolution and should be-
come the standard way of approaching these probleas. :

Derivation of Linear Thin-Shell Equations

The remainder of thie section will be devoted to outlining the
derivation of the linear thin-shell equations in a form useful for applica-
tion of the numerical-integration techniques. The multisegment approach
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and some features of the integration techniques will then be dipcuﬁc‘&, Yoo V
simplicity of presentation, only the case of axisymmstric defouatiim of lhélll
of revolution will be discussed. Tne application of the numerical lsthods is
practically the same for the case of axisymmetric or nonuily-etr:lc loads,
and it is believed that the procedure will be better. undarstood »1f«&he equa-
tions are .kept simple. The more general eqmtiona for nonay-etr.lc loads

are derived in Kalnins' paper. Cohen's paper gives ¢quations for arthotropic
shells,

The underlying shell-theory asm-ptions that will be used for deriving
the basic equations (in addition to the rehhive thinness of the shell) are:
(1) that normals to the shell's middle surface deform into normals to the
deformed middle surface without extension (this impiies. that transverse shear
and normal strains are negligible), (2) that the transversepormal ‘stress is
negligible, and (3) that the components of the displacement uw and w ani the
rotation Bcp are sufficiently smell to nsglect second-order terms while the
middle surface strains, ccp and ca, are negligible, These ass\nptiqns farm the
basis for the classical linear thin-shell equations of H. Reissner-Meissner
and Novozhilov¥. S

However, in c;rder to use the direct-integration appro@cbes, it is
more convenient to express the shell-theory equations ir terms of linear first-
order equations in the quantities that appear in the ytwglbomdsry condi-
tions along a rotational symeetric edge of the shell. For symmetric defursa-
tious, these parameters are (see Figure 2) the meridional membrane and bending
stress resultants N @ and M o the transverse stress resultant Q o the merid-
ional displacement u & the transverse displacement w, and the rotation 3?.

The darivation of the shell squations begins with the statescnt of '
the 2quilibriun equations, stress-strain relations, and strain-displacement
equations. Theae equations have became quite standardized, at least for small
axisymmetric deformations. The equations will be stated in the form given
by Kalnine(®°) and nay be cbtained fram his Bquaticns (6) through (13) by
eliminating derivatives with respect to 6 and eliminating terms that include M
H&P, Py Qg and m. (These quantities are zero for axisymmetric defmticns.er

* An elegant derivation showing the relaticnahip between these equations was
presented recentiy by R. A. 014&(25)

27

- ———




FIGURE 2.

AXIAL SECTION OF SHELL'S MIDDLE SURFACE

INDICATING STRESS RESI{LTANT S ACTING IN
THE rz-PLANE
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The equations of equilibrivm for axisymmetric deformations are:
. )
X . { - p n =0 M-
(1) _ch l!%q,-r "cp '6) cosq;-rg;qv‘o TPy 0.

(2) %;Q%w-irqvcos:p-lesincp-i;lqa»rjs_o.

T

=M + (M -M,)coBp-~-T + = 0.

() R, AL PR RS A A

The lengths r and ch are shown in Figure 2. subscript ¢ after the

comna denotes the derivative with respect to ¢: lq, ? . ’0 and: My are
(4

the circunferential membrane and bending stress resuitants; p and pv are- Com-
ponents of the mechanical surface loads in the normsl and meridional direc-

tions, and n(p is the component of the moment of the surface loads.
The stress-strain relations are given by:

(h) No=K (ce + vc¢)

(5) lq, =K (c‘:p + vge)

(6) H9=D(x3+w¢) _
(1) x? =D ("’cp + vna) :

Woere K = En/(1 - \32), D = b° K/12, E is Young's modulus, v is Poisson's

ratic, n is-the shell thickness, c’:p and ¢g are the meridional and circumferential

strains, and % and g are changes in principal curvatures in the meridional

and ciretnfzre;xtia’f_ &irections because of bending.

The strain-gisplacsacnt relations are written as:

(8) ¢ = %(uscss(p‘rwsincp)

)
(20) By = f; ("",u + u¢)
(1) #, = By o /R

(12) My = B:p cos @fr .
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In order to apply the mumerical integration approach, these 12
uati st be reduc - .
eq ons mu e reduced to six eq_ustionsin)(q,, 'cp’ %, uv,w, and 8

Further, it is more convenient to integrate along the arc-length, s, of ’.he shall.
This requires that the independent variasble be taken as s rather than 9. 1his v
is a simple transformation, since:

d d
1 =— =R = .
13) HZ=Ro &
As a first step in eliminating the unwanted variadbles, the quanti-
ties Ne and “9 are expressed in terms ot the fundamental variables. Substituting
(5) and (9) in (4) gives:

v+ Q- #) xeg

K
\ilcp-l-(l-\’a) ;(ucpcoscp-l»wsincp) .

(14)

Substituting (7) and (12) in (6) gives:

(15) My.= W+ (1 - P) Dy

r o A § A APt N M

D. - )
\Hcp-b(l-\?);_sqcos(p. .

Sudstituting (14) and (15) in Equations (1) through (3) gives the
following equatious:

(16) ;—q’l%q,-l» cos ¢ {(1 - v) '('p' (- \?);I_'(u?cos ¢ + v sin 9)}

r
§ — + =0,
R % *
r

(a7 i;Q%q,**%cosﬁPv\IQ sinv-r(;lq,a-rp

jl-va)xsing
r

(uq,qos(p+v sin @) =0 .

| T D _
i (18) gx%‘pi-{(l-v)l(?-(1-\P);a.?cosq;}cosq;-rqq)+m¢-0. -

'~ .--—.‘

e S e o - _ - o _ o _me_=
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Note that only the first term in each of these equations,contains

) derivatives with respect to ¢. Using the relstion (13) and doing some minor
rearranging gives:

(19) ’Q,s = :(1 - :) cos @ lv + (1 - $) Lié“__! (uQ cos: 9 + '.mf’)'

-'p ™

i - ?

e Mg

-
1 v
(20) Q%s"?QCO'ﬂP"' (i-_*;'.m?) xq,* ‘
:; Q-\?)ég_sing (uQ::oqu-wsin(p)-p. . |
r i

(1) “¢’8=;‘£§u{(1- v) Kv- (1-\2)-23?&3@}4?%--?.

These are three of the equmations that are needed. Three other equa-

tions of a similar type are needed for the deriwatives of the displacements.
Solving Equation (1) for v _:
?

?

w

o~ Yo~ By By or
1
(22) ",s R:p Uy - B‘P .

Substituting Equations (8) and (9) in (5), and solving for u o Yields:
’ -

. ; u

——

==2.%5 .2 (y cosp+vwsing),
ﬂq X E; r e
or from (13):

) §
(23) uQ.'g!-v(i—i';vlinv) -:!cosq.
¢ ] ¢ . r

The expression for B is derived by swstituting Bquaticns (11)
? .
and (12) in Equation (7) and solving for 8 - to give:

. Eid.rﬂ-lf-?;-?-'—f s0 that:
P




.. M VB cos g
() B, =5 - — i : .

. Equations (19) through (2L) are the desired first-ordér equatiocds: ~=o"
for the fundamental variables. Once these quantities are found, the other
varisbles such as Ny and My may be essily found. (The requisite formulas-for
¥, and M, sre Equations (14) and (15)).

It may be noted that no approximetions were mede in-deriving the
Equations (19) through (24) from Equations (1) through (12). OF course, the
criginal equations incorporate the "thin-shell” approximations noted at the
beginning of the derivation.

Equations (19) through (24) are solvible by numerical -integration
techniques. Such techniques aré applicable to the solution of initial value
problems in which all of the information sbout the solution is knym-at an
initial point and the values of the solution at the remaining points of the
interval are determined by integrating the differential equations. * (Actually
the shell problem requires a modification in the technique since only three -
conditions are given st each edge of the shell.) It shall be.shown presently
how this is handled. The techniques can be illustrated by comsidering a first-
order differential equation: .

(25) y'=2(x,y) asx=b, vherey =gyfax .’

Let the initial value of y at x = & De cdledyo. It is assumed that you)d
£(a. yo) are known and that it is desired to calculate y(x), a.<x <b, The
nuserical techniques consist of procedures to integrate Equation (25)step-
wise in small increments of x. The first step consists of calculating

t(xl, yl)wherexl:a-l»ax, and 8x is some small interval. The integration
is complicated by the fact that 2% 18 not known. It must be dstermined
simultansously with f(x; ). ’

Tao major types of integration schemes used for one-dimensional
initial-value problems are the Runge-Kutta type procedures and the predictor-
carrector type procedures. The Runge-Kutta procedures are equivalent to '
expanding f(x, y) in Taylor's series about the initial point (a, yo) and
evaluating yi and y, approximately by a truncated Taylor's series (usually
of fourth order). The derivatives of f£(x, y) are evaluated st (s, yo). A
number of variants of the Runge-Kutta process exist depending on the formu-
lation of the approximate Taylor's series.
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in that after the sppruumte nlues ot 7 md.yl are fpmdor.,; ',

-p=rs

at X, mev vu.lues of 0 and yl are found by "correcting" the valuss tomi.ina '
the prediction step. In most of the predictar-corrector qtbodt, 1he: corrector
can be applied 1terutive1y (each time with the newest yalue.of- yl) antil the. .
exact value of 41 ..? de‘lggrp.ined. Tae chief deficiency of the Jredictor— i .
corrector schemes is that as many as four successive values of solution are.:
needed as input to the difference formulas. In ovder to start thé' integration.
by this scheme, it is usually neces-u.ry to calculate these seversl values.by .
some other method such as the Runge-Kutta method. -

The accuracy of any of the numerical-integration schemes d.gpends .
on the apuins, §x, at each step of the iteration. This accuracy may be . . -t
determined with error, formlas in some cases or by integrating at each point .
over 4wo values of 6x and comparing the results. Using one or the other
estimate o'f the accuracy of eack integration step, it is then p;goib_le; o .
automatically adjust the step length to cbtain the desired.accurscy in the .
integration. A mmber of integration codes have been written with this facility.
Detailed discussions of these integration techniques are comtained in s nysber
of books on numerical analysis such as Fox. (26) Many of these books. discuss.
the integration of systems of equations of the type (19) - (2%).

It was mentioned earlier that the shell problem requires s ecifi.-
cation of boundary conditions om both ends of the shell., The direct integra<
tion techniques assume that all of the information is given at the begiunning -
of the shell. This requires a slight modification of the technique. In
effect, the modification consists-of starting out with initial values of
lmityforthe,sixmubleslv, %, e s o o Bv, one by one., The shell equa-
tions are then integrated across the shell to get six equations relsting
the values of the varisbles ab the final end to unit values at the initial
end. (If there is pressure on the shell, one more integration is necessary
to cbtain the particular solution.) Since three values of the varisbles are
known at esach end, the remaining six unknown values are obtained by solving
the six equations.

The Multi oach

When the shell is too long the matrix of the six equations becomes
very nearly singular and they cannot e solved for the six unknown parameters.
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Kalnins(®) and others have overcome tats derictency by firet redking the
heil into shortér segments. The shell equations are intesuted 32N each Y

shell segme=t in just the sime way as above to get sik equtiom bctvnn T, .
the stresses and displacemerits at each eiid of each segasiit. Thén the equtioas "
for all the segments are solved similtaneoudly vith the cqxit:loul of eoutinuity . e

for stress resultants and displacements betwéen the umtl and the bounhry .
| conditions st the ends of the shell to cbtain thé saliticn of the entire shell :
" A detafled description of this phase of the sclutics 1is given by both Cohen(23)

and Xalnins.(®®) Use of this multisegment approach eliminates the Ioss of

accuracy of the direct-integration approach and permits the snalysis of long
shells,

It 18 noted again that the numerical-integration technique can be
applied to Equations (19) through (2%) without any further simplification.
Therefore the only restrictions in the types of prodlems that may be salved
are the restrictions imposed in deriving the equstions theiselves (i.e.,
small deflections, thinness of the shell, etc.). This means, for instance,
‘ that the thickness snd elastic properties can be allowed to vary in an arbi- .
g trary manner over the length of tke shell. It vas pointed out earlier that
: the same technique is used far solving the more casplicsted problems of non- )
sycmetric loading except that there are 8 equations as shown by Kalnins.
Again, for orthotropic shells, the same technique is applicable although the
equations are complicated still further as shown by Cohen. It appears, there-
fore, that the direct-integration technique is the most accurate and univer-
sally applicable technique availsble for solving problems involving shells of
revolution, such as bellows and diaphragas.
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IRSIGN FROCEIURES

Little is known about the datiile af the procedures tsed by manu-
facturers to design bellovs and diaphragms. Because it is difficult to predict
the performance of new configurations, the sbility to 32velop satisfactory
designs dire'ctly affects the campetitive position of a comparny, and the msthods
used to establish d2sign dstails are considered proprietary. However, manu-
facturers have been willing to discuss certain aspects of their design pro-
cedures and some information has been gained from the literature. This section
sutlines the general dssign proceduves shich appear to be in use by manufacturers.

Dasign Procedures for Bellows

Manufacturers must predict the following bp=2llovs performanze charac-
teristics: (1) stresses and deflections, (2) spring rate, (3) effective
area, (4) pressure drop, (5) instability, (6) resonance, () corrosion, &nd
(8) operational life. All manufacturers request the opportunity to d=2sign or
select the proper bellows for each application because of the ziny factors
hat must be considered. However, approximate psrformance cherasteristics for
stagiard bellows are available to potential users in company brochures, and
da=s nomographs ars sometines included. Ons coxpany offars a dasiga stide

The general =2t used 5y mamufacturers in dawvaloping desiga pro-

cedures for predicting stresses and deflections is to select form the litera-
ture a theoretical approach whi\c'n most closely approximates the type cf bellows
to be manufactured. Avallable app>ogches (some of vhich are discusaed in

the previous raport section) are baua\on plate, beam, or shell theory. Be-
cause the approaches are complex and do\'bqt usually d=scribe sccurgtely the
bellows to be manufactured, most companies \bisve simplified and modified the
theoretical analyses of particular configurations.
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When a theoretical apprbx_:ln:;_ejgioq_l_x_u been selected, the comany
produces bellews of the type to be manufactured and the performanze of the
actual bellows is compared against the theowetic'al prediction. Stréss-costing
analysis and straiu-gage readings on bellows are common means of analyzing °
actual stresses., Enpii':lca.l correction faxtors are -then foimulated to mak="
the theoretical approximation agree as closely as poéssible with tlie stresses -
and deflections of the actual bellows. The empirically modified design pro-
cedure is then used to design similar bellows.

The most detailed nonproprietary design procedure _a.vailable has been
devaloped by Atomics International.(6 The basis for the procedure is discussed
at length, and design calculations are prescnted for three configurations,
ice., (1) U-sheped, (2) U-shaped ring-supported, and (3) toroidal. Comparison
of thz results of the calculations with bellows. produced by any given company
would prcbably indicate the need foi‘ empirical correction factors'fdr the
bellows produczed by that compeny.

Many compenies have accumulated experience with a large number -?-f
bel” --s sizes snd types, and have developed ext,ensive'design relationships
whi. can be used to predict the stresses and deflecticns éf._pe;ldls similar
to those that have been produced. However, if any company un&ertakes the pro-
duction of a substantielly new bellows configuration, it is at present necessary
to con&uct extensive laboratory tests to establish new empirical correction
factors for the theoretical approximation. .

Some companies have begun to use computers to assist in bellows
design. In general the computer prograems have been limited to the automation
of existing design procedures. A few companies have utilized computers to
incorporate some of the basic theory, und it is expected that further develop-
ment of the theory will result in a wider use of computers for designing
bellows.

Spring Rate
Although the theoretical apprcaches used to vredict stresses can also

be used to predict spring rates, the spring-rate predictions may be even less
accurate than the stress predictions, because spring rate is affectzd by -
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inaccuracies in all of the convolutions, while maximum stress is & resilt of -
effects peculiar to sach convolution. In most cases, manufacturers pi'edi'ét '
the spring rate of a bellows by means of equations derived from the measiired
spring rate of a similar bellows. If an accurate spring-rate value is need=q,
it must be measured for each bellows. The effect of hysteresis is almast-alvays
dstermined by actual spring-rate measurements, rathsr than by prediction.

For approximating purposes, most manufacturers list spring rates f'or':
standard bellovs sizes and materials. In the literature, Blair\2!) gives a
generalized spring-rate formula with typical exponsntial values. Matheny
presents spring-rate formulas for seven typical belloss convolutigms, and
the design procedure daseribed dy Anderson(s) includes both axial and rotational
spring-rate calculations for three bellows convolutions. These relstionships
are useful for approximating the spring rates of certain configurations.

Effective Area

ey

If there 18 2 pressure diﬂerentﬁl across the bellows, tha bellows
acts like a piston, and the area over which the pressurz apparentiy acts is
known as tha effective area. The effective area ig approximately egual to
an arca calculated from “hs mean diameter of the beliows. Manufacturers’
brochures normally give the effective sarea for standard bzllows. However, whzn
this quantity miet bte kaown accurately (for example, for face seals) tns
effective arsa is measured for each beilows. For some welded bellowe, the
effective area changes with externsion and compression.

Pressure Drop

Most manufacturers estimate pregsure losses in bellows and flexibie
metal tubing from test dsta or frem calculations based on flow through 2
pipe with an assuned 2quivalent length or an assuned roughness factor.
Daniels 29 d2scribes the calculation of pressure losses based on an assumad
rougnness factor for two-inch and three-inch annular and helical flexiile
metal hose.
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Hawthorne(3o) presents a relatively new method of calculation based:
on the gssumptiori that the convolutions behave as uniformly spaced orifices. -.
and that pressure drop is caused by a succession of individusl flow expansions.
This approach has been investigated in some detail at Flexonics.. .. : g

For internally linked bellows, pante1s(3t) presents experimsptaliy
determined pressure-drop factors far two types of assemblies: the chain<link-
type, and the gimbal-ring type. This rticle exemplifies the empirical * °
approach whick is often used by wanufacturers to determine bellows performance
characteristics. in place of a more complicated and perhaps less accurate .
theoretical \apprroach.

Instability

A bellows may become unstable as a result of internal pressure if .
the ratio of bellows length to diameter is greater than one, or if the bellows
is offset or angularly deflectsd. As far as can be determined, thepe ,cox}q:!.- )
tions are not predicted theoretically by most manufacturers. If there appears
to be a possibility of instability, tests are conducted with the bellows of
interest mounted for the test as it would be in operationm.

In 1952 Haringx(32) developed & method far'caléulating the pressure
at whizh a bellows may become unstable. He concluded that the pressure buckling
of a bellows is closely analogous to the buckling of an axially loaded column,
Although this approach has been referenced by subsequent discussions ‘of instabil-
ity and is recommended by Winborne(a) ; there is little evidence that the
method is widely used by the manufacturers. Newland (33) nas very recentiy
extended Haringx' theory to the more complicated case of the universal bellows
assembly, i.e., two bellows with a cammor connector. The accuracy of this
approach 38 not known. Recent investigations by Beide(% ) and Anderson(s)
concerning the irstability of bellows under internal pressure vhen angularly
deflected have produced some interesting results. However, it is not known
vhether this work is used by manufacturers.

Kesonance

A bellows may bz piaced in resonance by vitration from the sup-
porting etructure or by movement of fluid through the bel}ows. Flow~induced
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vibration, which usually occurs in gaseous systems, is predicted from test
data. Approximations for resunance due tc forced vibrations can -be: made by
calculations based on the bellows functioning as a spring. Va.il‘(35) aise -
cusses the calculation and laboratory evaluation of the effect of extension,
campression, and fluid damping on the resonance of a welded sellows: An-ex-
perinental and theoretical investigation of the forced vibration of bellouws

was included in a study by the Bell Asrosysteme Company'35). Both longitudinal
and beam modes of vibration were considered. In s31ition, considsrstion was
given to & vibraticn mode in ‘..iquid-f:u;.ed bellows caueed by the pumping action’
of the opening and closing of the individual bellows convolutions as they
deflect. In general, however, the vioration characteristics of bellows and
structures are sufficiently difficult tc predict that laboratory tests of each
installshion are nomally regquired to cieaonstra.te the susceptibility of tha
configwraticn to resonance. Rekate and Sch'lartz(37) describe such an
investigation.

Corrosion

Bellovss meterial 1s so thin that corrosion rates such zs those
associated with the chemical industry cannct be tolerated, and highly corrosion-
resistant materials must be utilized. However, highly corrosion-resistant
metals may suffer from one or more of the following: (1) crevice corrosion,

(2) galvanic (dissimilsr metals) corrosiom, (3) carrosiocn fatigue, and (k)
stress~-corrosion cracking.

In bellows design, care is exercised to eliminate crevices and
other areac where moisture and other environments might be trapped. Attention
is given to the elimination of couples, particularly those having widely dif-
ferent galvanic properties. Such metals, although highly resistant when used
individuelly, may be incompatible when used together. Ccrrosion can also
reduce the fatigue limit of many metals, and this factar zmust be considered.
Many asrospace materials, especially the high-strength alloys, are susceptible
to stress-corrosion cracking in environments such as humid air and chloride-
containing atmospneres. Configurations are designed to keep resiZual and
appiied stresses below those known to prcn’orte cracking in specific environments.
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perational Life

In the absence of corrosion (and neglecting creep in high-témpsratire

applications) the operational lifetime of a bellows is determined by its .. - ‘e
ability to resist failure by fatigue uader repeated stressing. The fatigue
lifetime of a bellows is difficult to predict from fatigue data usually: - ..

available for the bellows material. ‘The available material data are often in
the form of 8-N curves from constant-amplitude uniaxial stressing of specimzns.
in a well-defined metallurgical condition and with good surface finish.
Operational behaviar of the bellows may.involve:

.1, Complex loading: cycl’es of varying amplitudes of pressure or
of deflection, or of bath

2. Complex stress distributions: varying degrees of biaxiality
and of stress gradient at various locatione in the material;
d=tails are not always easily computible fi-om the applied
loads

3. Complex effects of fabrication: warying surface conditions,
residial stresses and amounts of cold-work. .

Tnare is no satisfactory theory for including all of these complexities.

Accordingly, semi-empirical rules are used for preliminary Gesign.
Tnese vary in degree of sophistication among the various manufacturers. The
rules often inzlud= such simplifications as: \

l. Reglect of, or very crude allowance (vy scwe sort of strength-
reduction factor) for fabrication variadbles

2. Use of such approximations, in fatigue-strength analysis, as a
maximum stress (or a maximum shear-stress) criterion of failure,
a linear Goodman-diagram, a Miner-Palmgren cumalative damage
rule.
For d=sign to resist low-cycle fatigue, there is increasing use of the rules
being dsveloped for pressure vessels (see, for example, Ref. 38). ‘Taere ave
divergencies among manufacturers and users in details cf apprcximations and
even in nomenclature.

Similar rules, with one ar more coefficients to be evaluated from

load-cycling tests on typical bellows are used to provide more realistic s
operational-life-prediction charts. Such charis may be developed in terms
of percent of maximum allowable deflection and of percent of maximum allowable -
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pressure. If there is a reasonsble smount of expsorimental data, ths chavts
may be quite dependable for interpolation; however, ths empirical‘gature of
the guiding rules makes uniependable extrapolation bayond the conditions of
test. Moreover, although charts from various companies may he similar in
appearance, predictions are often applicable only to bellows for which a zharl
was developad.

-~

Design Proceduras for Dlaphragms

Performance characteristics for diaphramms are not generally avail-
able to potential users. Not only are the diaphragm design procedures of
masufasturers considered proprietary, but most diaphragns a::'e fabricated nnil
used in sompoa2nts by each manufaczturer, and there is generally nd> reguire-
mant for a zomponant user to be concerncd with tho diaphragm. Howevor, dia-
phragm manufacturers welcom= the opportunity to dasign spzcial diaploragn
configurat ions.

Tae design of ‘diaphraans , as #ith Y2llows, preseatly involves 2 con-

e

bination of amlytical and sxparimental approachss. In the analytical approach,

equations are derived relating the load-deflection characteristics to the
geom2try of the diaphragm and the elsstic constants of the miterial. Th2
experimental approach is to make diaphragms of various sizes, shapss, and

materials and to load them in varicus ways and measure their deflection, drift,

and hysteresis., From juiicious selection of sizes and shapas for experimeat,
it is possible to dedu’ce d=sign criteria and genzrally applicable formulas
which may be used to design other diaphiragms of similar shaps and materials.

Information available in the literature on =2ach of thesc approachzs is sua-
marized briafly beslow,.

Analytical Amoach

Althou3zn mathamatical d=2scription of the pe;'formnce of corruzated
diaphragms of arvitrary shapes is difficult, considerable analysis has bean
serried out for diaphragms with soncentric circular corrugations subject to
wiiform loading. Two approach2s have been taken toward the difficult eppli-
cation of suell theory to such configurations. On> involves the us2 of shell
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theory divectly. Tae other involves simplifying physical assusptions such |
that approximate calculations cm_bé'haé. . ‘:
_pplication of Shell T’aeorl The firs: a.tteupt of this type wa.s nd-
by Grover and Bell( +) ty piec:lng together imo'mn approximate solutious to tha
shell equations for elementary meridional shspes having constant curvsture.
Their results gave infarmation for stresses and moments, but not for dis-
placements. Wildhack, Dressler; apd Lloya(?) eubssquently developed an ansl-
ysis procedure involving the use of a digital computer and computed stresses
ani d2flections for the configuretion investigated by Grover and Bell. This
procedure, vhich is based on exact elastic-shell equativns, can be used to
analyze stresses and 'displacamnts for any corrugated diaphragm having arbitrary
meridionsl shape. Dressier39) then gescrived the investigation of the Grover-
Bell configuration for thin, medium, and thick material by means of the co.-
puaterized analysis method. This paper shows how thickness inﬂu&oces the .
coupled banding and stretching quantities in the diaphrag. :

Use of -Simplified Phyjsical Assumptions. In this approsch approcis -
mutions are made such that algebraic solutions are feasible. Tanr1940, Chlrron(uo)
describec two diapiragm types which were determined by the corrugation shapé.
He theorized that in both types, the elastic stress which corresponds to'a
¢2finite deflection of the diaphragm increases in approximate proportion to
the thickness of the metal. In 1947, Pfeitru'(hl) described a hypothetical

oLl for tre distribution of stress in diaphragms. It is‘ constructed of
rembders in series, with each ‘consisting of one flexural and ons tension spring
acting in parallel. This hypothetical model leads to a correhtion between,
prarsura on the diaphrags. corresponding diaphraga cdeflecticn, effective dia-—\
meter, thickness, ani "plate modulus", a measure of elasticity.

An ingenious approach by Haringx is based on the analysis of a fic-
titicus flat plate which is "equivclent” to the corrugated diaphraga. In
(42,32,43) calculated the rigldity, the stresses, and,
for large deformations, the degree of nonlinesrity of the relation beiween -
deflection and load, Subsequently, Haringx' =~/ described further how the
introduction of a few siqplitytgg restrictions laade %o 3¢ concept of a -

‘0z

three successive papers
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design chart which can be used to give the dimensions of & ;li;phtaica to meet
specified requirements. A design chart is given, and the solution of a d-iiﬁ
problem is dascribed. This chart is very useful ‘for approxiutinz diaphrasm
configurations. In 1956, Flindt(*5) extended Harinzx' theory to include the
calculation of the thrust which can be exerted by & restrained diaphraga
under uniform pressures conditions.

In 1958, Akaseka and l‘akagishi(%) amlyzed the natural frequencies
of the corrugated diephragm as an equivalent flat plate, and derived approxi-
mate formilas for the lower-order frequancies of symmetric and asymmetric modes
including the effect of the concentrated mass at the center of tha diaphrazm.
Experimental results agreed well with the thzory.

Experimental Approach

Th= literature zontains the results of twc primary sources of experi-
mental work: . (1) the investizations at the National Bureau of Standards, and
(2) work at ths Taylcr Instrument Company.

Tne NMationmal Bureau of Standards has maintained an interest in
diaphragn design for many years and has cooperated with other government
agencies and industry in several investigations. Tne results of the major ex-
perimentel work are summarized in the papar by Wildhack, Dressler, ani Lloyd
The pressu-e deflection characteristics of corrugated disphragms are correlated
by methods of dimensional analysis. Experimental results indicate that the
performance for diaphragms of any glven shape may be computed from a dimension-
less formula aerive;d from experimental data on other diaphragas of that shape.
The dinensionle;s form:la is given, and its application to various diaphragms
is discussed. Although this wcrk has been relatively extensive, it is not
known whether the results have been of value o diaphragm mnnféctmrs.

. The most complete discussion of diaphragm design conta\ined in the
(1). Much of the information is based on
experimental work conducted at Taylor Instrument. An effort was made to
show how diaphragm characteristics are affected by changes in materirl, dim-
The first part defines a diaphragm and its performance

literature is presented by Kewell

ensions, and treatment.

k3
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characteristics; methods of measuring and representing the characteristics,. -
and ways of using them. The second part deals with ways in vhich diaphregms, .
can be constructed and how various design details and trestments affect per-.
formance characteristics. This manual is probadbly as clear an indication-as can
be obtained of the design procedures used by disphragm mamufacturers. . . )
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FABRICATION TECRNGLOCY ‘
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Tae extent to which the service pe'toxﬂnce ot bollwn -and m S 3\:
achieves the désign Fredictions {s strongly OPensent vpon the: qﬁ?’"‘f LT
the materials from which they are .fabricated and the care telien-in their. mam- T
facture. Material defects, weld discontinuities,. ofmm&tin,,__,
and postfabrication damage can all result in locslly high stresses tht w
lead to premature failure. In this section, the present state of the lrt ﬂth

- P

respact to mterial/s manufacturing nethods, ana- mopectioc vnl be diacmied

L AR "_"

Materials . -

-

P

Typical materials for formed, welded, and deposited bellovs are dis-
cussed. So many materials are suitable for machined bellows that they are .
not included. Diaphragas can be made from any of the materials listed for
formed, welded, and deposited bellows. L ] . e T

Formed Bello'as.lhterials

gDy - - e - = -~ aa  amm —-— - =

xaterials for formed bellows, shown in Table 3, must be weldable
and formable, Although saaller bellows are usually ude froa. senlen tnb:lng,
most bellows over an inch or two in diameter are made trgg sheet or strip
formed into a cylinder and longitudinally sesm Heldei.. . Whether the strip or
sheat is purchased to any spec‘al tolerances depends upon.the end application
- of the bellows. When the spring rate is not critical--bellows intend2d for
expansion joints, for exuple_--tbe custc-gn) 10 nergent aill thickness toler-
ance is satisfactory. When the deflection chgractg_r_istics must be more cure-
fully controlled, materials may be selected from varehouse stock. In this
way, thickness may be controlled to within about 5 percent on a given order.
Rerolled materials fram specialty metal febricators provids the best comaer--
cially cbtainable thickness tolerances. Beliovs sanufecturers using rerolled
materials claim thickness tolerances of 20.0001 inch. A more commonly gquoted
tolerance is *0.00025 inch over a 20-inch strip width.

ks
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TABLE 3. TYPICAL FORMED-BEILOWS MATERIALS B
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Allay. . ... -..__ ... ..

Solution-strengthened “allqys S

Alphs brass ’ ’ Pace-centered cnbic ,
Copper a
Stuinless steels,. Types 30k, 321, 31&7 " s e

Titanium, commercially pure and Alpha
elloys hexagonal close ‘packed
Inconel Face-centered cubie

Precipitation-hardened alloys

Baryllium copper Pace-centered cubic
Inzonzl T18 ’ " .
Aluminum, 7075 slloy »

Transforxation-hardzned alloy

Titeniun, Alpha-Bzta alloys Hexagonal close packed -
boq-cente:ed.cdbicm -

Ooinions differ among manufacturers as to the desirability of &
12-ight surface finish on the starting material. Some manufacturers note an -
improvement in the fatigue life of bellows produced from bright-ﬁnished
nater? -l (No. 28 finish), vhile others see no difference. Soe manufacturers
also claim that_ the bright-finished waterial, containing more colé work-than

_ the dull, or matte-finished asterial (Mo. 2D finish), is more difficult to
form. There is a trend toward the usc of bright-finished material arising from
the alleged tendency of inspsctars to pass shiny bellows and reject dull
bellows.

Although there is some disagreement, most manufacturers see no
effect of "grain”, or preferred orientation, in their starting.material. The
common materials from {rhich formed bellows are fabricate.d, vhen produced
under good control, are n-arl,y 1sotropic, 50 preferrcd orientat ion does not
appear to be a serious problem.

.

.
A
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" materials for formsd Hellows. ’r&érefm, in &éd!tion to the nterh.li' 2 g - Lo

above for form=d bellows; a variety of less tractsbie dloys is cc-only uoed
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for w2lded bellows. Table 4 shows typical vel&d-beﬂws*dlwcm R s

W2lded bellows are produced in ccnsiderably samller quaniity than
formed bellows and tend to be uszd in wre specialize2 apylicatims. Al of
the alloys itemized in Tadle 4 for exuple are hm-resiztsa" allexa, t}se -,
of rerolled, bright-Zinished starting materials 15 standard in the vel:}ed-r
bellows industiry. ‘ .

A

v .

TABCE 4. TYPICAY WELDSD-BELLOWS ALLOYS

- Mloy ___ Crystal Strusture

Pracipitation-hardensd. alloys

Inc9ne1 X Pace-centered cubic
Rene L
Rene 62
17-7 PH
17-4 PR
PH 15-T M>
H-252
Vaspaloy
Uiimet 700

2 32 3 2 3 3 3 13

Sclution-strengthen=d ailoys

19-9 IL Yace-ceptered cuble
A-285. Body-centered cubic

Denosited-Bellows Materisis

. Materials for Jdepssited bellows are mad= by electroplating or chemi-
cal deposition. Thz most common matirial for electrodsposited belious is
- nickel. Copper is alsoc used. Cacifcally deposited >=1lovws can be sade froz

alloys which, though still over 90 parcent nickel, contair sigaificant

QMR N o da e 2 b




percentages of other strengthening elements. Both typeshgvttgsgp%gg&grgg};}gggi_‘
can Ye wmade with zomposite metal walls consisting of layers of different -
metals. Tae d’epggii_;ed-bel;ows 1r_1@ust;-y is relatively young, .and further
developments in deposited-bellows qate'r;l_a‘.l'.s can be expscted,.
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General Material Limitations

A1) manufacturers of béllows and diaphragms use relatively saall
tonnages of material, Consequently, they are able to purchase only nster:lnls
melted according to usual commercial practice. Svainiess st-ele, for exanple,
ara froam electric-furnace melted hﬂaits. Althougn the mﬁtallm'gical quslity

of stainless steels is good by ordinary-standards, it is .,.ikely ‘that’ sone
improvement of bellows performance could be achieved by the ‘use of vazuum-
melted materials wsith their lower inclusion conteits. S“..{ch aaterials have
bacome standard in bearings. Quantity p.xrchase of heats of vacuum-mﬂfted or

otherwise spocially treated ms.tnrials by large users of bellows, and —release

of these materials to bellows manufacturers might be a method of sigaificantly
improving uniformity and quality of vellows throughout the industry. o

Manufacturing Processes

There are four primary kinis of bellows: (1) formed, (2) welded, .
(3) deposited, and (%) achinzd. Typical processes for producing these bzllows
and for prodacing diaphragms are discussed briefly. Pecause the coxpetitive
positions of vellows and diuphragm manufacturers are significantly atfected
by differences in manufactiring techniques and equipment, it is _aot possible
to datermine the da=talls of the manufacturing processes. However, it is believed
that sufficient information has been obtained for the purposes of the program
and for this report.

Formed Pellows

A flo# chart -for manufacturing forsed bellovs is shown in Figure 3.
process begins with a thin metal cylinder. For small bellows, the metal

(]
=3
W

—wmw e m e e meme L mm ee e sg————— - o S ey NPTV} 4 ey S —




R — —
R ¥ e BT AT T N LI e

Clean

i .FOQ Sz'in 1 nd QI‘ ' 1

Weld

(Unless seamless)

~“Flanish Weld Seam
I (Optioral) :

Clean

ol

Asgemble Plies.-- .
(if mlti-ply)

- Form Convolutions }_——" .1

K

. Process -Anneal

v

Final Form

— |

Clean

Set Convolution
Spacing

‘| {42 required by process)

Partially

Erd Weld

s

¥inal Heat Treat
. (1t required)

Camplete End Weid

Cl;:e&'a = o ‘

- 04 ‘;’: o ] e
£ LS I 2. v=F
r ] \"'
R A
o
ot t [ RIS
J = et

. Rel;eai: if necessary

+ " | - M
r :‘

Insgpect R
FIGURE 3. MASUFACTURING FLOW SHEET--FORMED BELLOWS
kg
s




PN
i

cylinder is usually a seamless tube. For bellows having diamsters much in
excess of an inch, the cylinder is fabricated from flat sheet, or strip,

* having a high-quality surface ard cortaining pg;' visible damage to.jh: edges.
After the sheet has been cut tt: size by a ;shearing operation, it is roll-form
to a cylindrical shape. Typically, the cylinder is samswhat overformed in
order to assure that the edges will meet satisfactorily. The formed cylinder
is then placed in a welding fixture consisting of a rigid backup and hold-
down clamps, and a butt weld of the gas-tungsten-arc type (GTA, also ¥nown

as TIG) is mads along the mated adges of the sheet. The technology of making
such walds is well advanced, and manufacturers are capable of making welds in
matecial as thin as 0.003 inch. Most welds are longitudinal, but one manufac-
turer uses a helicel weld T~ srall bellows.

Before the GTA weldGing-process technology had veen developad suifi-
ciently to make wélds in very thi‘rr material, loagitudinal weld seaxns were
made using a resis'ta.nce-lap seam-welded joint. Although some bellows are
still made with this typs of joint, the overlspped reaxion is s stress raiser
and is & potential source of wapurity entrapment.

Many manufacturers colde«work the weld zone with & psir of crowned
opposed rolls in a pianishing operation. PFlanishing must be carefully con-
trolled in order that the wall thickness in the vicinity of the weld zon=z is
not reduced below the base-metal wall thickness. Some manufacturers do not
use planishing vecause of the danger of well thinning, while others use it
only for certain vaterials. ’

" In the fsbrication of multi-ply bellows, a saries of tubes, sized
to it one inside another, are cleanéd'and- assembled ready for the forming
operation. The cleaning at this stage is particularly important since it is
exceedingly difficult, if not impossible, to remové conteminating materinls
@:hat have heen trepped befwaen _the plies onze the bellmjv? has been formed.

Almost every manufacturer uses a unique for:nin; machige of“pro-
prietary design. Although these machines fall into sevet':'gl basic categories,
there are differences in detail which may significantly'cé;fect the performance
of the fabricated bellows, The basic categorier of fominfg machines ave &s
follows: .

e veewown AT
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-+ Hrireaulie, individually formed convolutions

Hydrostatic, rubber pressure medium - . . -
Machanical rolls . , - . e
M2chanical expansion tools.

Lad
f

A I
.

. In the hydraulic process %ith simultaneous convolution: formation, .
the ends of the tube are first closed by movable platens, Tae end sectiuns
of the bellows are constrained in cylindrical dies that may be part o:. the
platens. A series of split rings, one less than the nuzber of convolutims
desired, is carefully spaced along the length of the tube. Hydraulic nrea-
sure is then applied to the interior of the tube , ceusing the tube to bulge
outward betwzen the split rings.

From this point, processes of different manufécturgrs differ.
Some manufacturers leave tk2 rings in place throughout the entire convolution
formation operat:ion. Scme manufacturers attach the rings to a pantograph
during forming to maintain uniformity. OShers remove the rings completely at
this point and complete the convolution formation with the tude entirely free
of restrictions except at the ends. This latter method is claimed to
be advantageous, since it requires a minimum of contact of the tube with
metallic tooling. During the formation of the convolutions, the platens mist
be moved together to accommodate the shortening of tha tube. Some manufac-
turers accamplish the movement of the platens and the regulation of the hy-
draulic pressure by hand, whereas others have applied automatic -controls to
the process. Automatic controls are desirable from the standpoint of product
uniformity.

1

It may be necessary to form th° convolutions in several stages,
depend’az upon the material and upon the depth of convolution desired rela-
tive to the tube diameter and wall thickness. Some manufacturers process
anmneal their tubes following the initial bulging operation. Obhers f£ind it
nz2cessary to stop several times ‘during convolution formation, remove the split
dies, process auneal, and reassezble the tube in’ the 'foming machine. Still
other manufacturers restrict their product line to convolution depiths that can
be formed in their materials using a single operation, thus eliminating process
annealing. )
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equipment of some muuuiaCTurv.o per 6 Feapes b8 of forming < ien .
Process anneals than does equipment o. ‘hev vt _turers.,

Some manufacturers form each. convolr*tion individually using 2ssen-
tislly the same process as described above, but with the hydreulic fiuid
confined to that region of the tube whe}-e the convolution is to be formed. -
The tube is first bulged. Then the external clsmp holding the unformed por-
tion of the tube 1s moved forward a preret distance to form a ccavolution.
The operation ies repeated after the tube is indexed to the next convolution
position. It is claimed that this foming method gives more uniform convolu-
tions than the methods in thieh convolutions are formed simultaneously.

A variant of the hydraulic process 18 one in which the lwdraulic
oil is replaced by a rubber form. Under pressure, the rubber ects as a hydro-
static fluid. Its use eliminates the presence of oil. If rot ccupletél.y
removed prior to process annealing or final heat treatment, oil ca.n cause
carburizs’. ion and possible embrittlement of the metal. Residues from vil have
also bes < k% to cause pit-type corrosion.

Perhaps the oldest method of forming bellows is that of shaping the
convolutions by mechanical tools while rotating the tui:e. As ia the hydrsulic
processes, there is considerabje variety axzong the machines for roll forming.
Som= roll-form tooling resembles a lathe on vhich the tube to be formed is
siipped over a centered rotating grooved die. An extermal tool is then used
to press the tube into the grooves in the die, one groove at a time. Another
type of tooling makes use of two smsll coexial wheels over which the tuoe is
Placed. While these wheels are rotated, thus rotating the tube, a third wheel
is brought down between the cther wheeals, thus foraing a convolution. The
tube is then {ndexed one pitch distance, and the operation is repeated. Con-
sidersble ing=nuity by the manufacturers who use the roll-forming process
has led to the adility to roll-form the convolutions cutward ss well ss invard.
However, roll-formed bellows are currently in disfavor hecause of the danger
of creating surface defects, and of smearing metal over these Gefects in such
a way thet they are hidden. A second cbjection that 1s often cited to roll-
formed bellows is the excessive wvall thinning at the roots or crowns o’t the
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coavolutions that may be encountered if foraing is not dore caret\ﬁly enwch :
It is reported that some facilities of the National Aeronmitics and: Spue ‘v
Administration now refuse to use roll-formed beliows. ] f“-- f:{_j -

Some mnufu.turecs cla.'m tO’hoId“'ﬂie"m o Jall thinning dnr«q
forming to 5 percent. Others alioy 10 %3 5§j§x:.gn;)t.. oning. ‘With the. -
different processes, there will be charctu'istic perc - rages ot thlmin( ta_.', B _‘ -
any given set of bellows dimensions. The;wallzthinnis = is sccaspanied: by vy
strain hardsning of the mterial"a‘nd"tl“nm:“dif&tly lated ‘to a:,:}gg‘l,. in - - -
strength. The amcunt of strain w«uzitag for a e give; rmount of thinning- -4
deperds 1n & subtle vay ypon klierpreciss.dstalls of U5 metal flow during
forming. The relationships of «all thinning, strai. ardening, formsbility
Ainits, and metal-flow directions are poorly unders od as they apply to

bellows fabrica.tion. S A . e

1

--5

When multi-ply btellows .has’/bee:;..fma on® current practice coa-
sists of partially closing the ends of théBellow: eEither "Ei’f“esfftéée seam !
velding or GTA welding. Tne mlti-ply bellows 16 aen given an elevated tem-
psrature treatment in an effort to. 'tuove uxr cons uimticn from between the
plies. This heat treatment may also bﬁ?th- finjtl iging treatment for the
bellovs material. After h-at atreahent-%he-end w2lds are completed, and the
bellows is ready for inspﬂction.k o .-

b
Relded Bellows U P

The manufacture of welded bellows, as shown in Figure L, begins

with the blanking of disks, ov _diaphrilgis, ‘from shect materisl. The blanking

paration must e carefully done using d.ies,;thm; are_in_good_adjustsent to
minimize the formation of burrs.- - Amrjurus-which -are formed on the edges of the
diaphragms must be remcved. ,Depgndini‘_bnjhe.d.pign of the welded bellows,
the diaphragms may ve formed into a shape containing one or more circumferen-
tial convolutions. Tbe foning operation 3[.3_ carried ouvt uaing conventiono.l
nPtal-working techniqhes‘but with careful aﬂ:.entioa ”bein. psid to nintain-
ing the surface tinish. Diaphrags thickness is aonitored, and diaphragas for

a particulaf bellows may be preselected for uniferaity of thickness.

bl

Pairs of diaphragms are placed together in a welding jig with the
inner diameters in contact anc clampad with chill blccks om esither side of:
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the joint. An edge weld is.then made eround the inner circumference using

the gas-tungsten-arc process _(g?rA){.‘ The welded .pair of ditp}ggma;_ggf{f_cggd
to as a cenveolution. The veldj.ng operation is repaated for. the Atﬂen of con-
voluticas desired in the bellows.. The convolutions are then stacked.in.ancther
welding fixture with the other diameters of adjacent convolutions in contact,.

chill rings being used between the mated surfaces, and the outer -diaweters. ..
are welded in the same manner as the inner diameters. S . . .-

An alternative mathod of making welded bellows, pdding diaphragms’ ~
one at 8 tipe, does uot differ materially from the previously deseribed method
except that it might be scmewhet faster. In this method, a‘l‘i:e:'i'nit'e ‘$nner-
diemeter and outer-dismeter welds are made until the desired niumber of convo-
luticns is reached. . -

Alcost all welded-bellows panufacturers use a semi-automatic fore
of the GTA welding process in which the material to 2 welded is rotated
verneath a stationary torch. Upsn campletica of the wel, the fixture is moved
to the next weld position and the process is repzated. An automeiic belliows-
welding machin2 has heen publicly announced by G. H. Silver and Associates,
R2wtonville, Massachusetts, 2nd it is expected to be aveilable for public ssle
by the end of 1965. It is claimed that this machine will be able to produce
velded bellcws priced competitively with formed bellcws.

Welding difficuir{ies that occur in w=ided bellows sre related to -
the bellcws materials, som2 of which are not as weldable as the alloys used
for formed bellgWs. hest-resistant zlloys, most of which are vacuum melted,
typically contain two or zaore phases and undergo various solid solution and
precipitation reactions duaring the thermsl cycle associated with welding. In
some glloys these reacticas may result in loss of ductility or str'engt'n in

tthe bhcat-affected zone.

At least ope welded-bellows manufecturer has introduced a two-ply
welded beilow¥s. Althougn the manufacturer declined to discuss the details of
manufecture, the sieaning require-mnts for the diaphrams are sore sbringent
thar those fo= convertional waldad bellows, and care must be taken to avoid
iraving cozdsminsting materials grapped betweer the plies. Hethods of qleaniqg
ere similar to those used for formad bellows. ' o

Making of the f’irst ueld in a2 rulti-ply welded bellows vould appear
t¢ preeent no proble:as ot"ier th»n 6st;zﬂ:o}nlshing prop=r alignl.,nt of the diapnragms
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and adjustment of the cick-out of the edges beyond the chill BISEKE, *’fmcg
the w2ld 1= physical larger than for a single-ply bellows, welding cirrent

nust be greater. Cc= letion of the second weld, which coals the volme I

twéen the two p=ral et d.iapln-esns, may present sericus” pro‘blns, hovever, due
to blowing of a hol: in the wéld puldie orf leaving & sd:mrfece VOi@at,tbé‘:

point of veld clo: re. Among the several metheds of overcoming this difficalty

ere (1) zaking cervain that there are no .organic outassing: materials present,
(2) increasing the chill-block clemping force.to-seal gases between the plies
s> they cannot reach the we2ld, and (3) use’of electron-beam welding in' vacware
for the final weid oa 2ach diaphraga. s - =

Some manufacturers have mads welded bellows using electron-beaa
welding, but the reported results are not consistent amoing them. Electron-
beam welding is potentially a cleaner process than GTA welding. It vould:
szen, however, that difficulties in making welded bellows are due:more to:the
difficult meteriais being welded then to the welding process being uced. -

Depjésite:i Bellows

Daposited beilows are produced, as outlired in Figure 5, either &y
electropleting or by chemical deposition. Both of these processas offer Ire-
doa from seversl of the restrictions on forzed or welded bellows. Very thin
walls can be achieved (0.0003 inch), thus resulting in tellcws having extremely
low spring rates. Bellows need not be axisymsetric and may be of variable
cross section along their length. Althoush the ba.e raterial ffgr depasited
bellows is usually nickel, it is possidble to produre cheg.icélly deposited
bellows of a nickel alloy, and it is possible to use cozposite wall structures
in electrodeposited bellows by plating successive layers of different metals.

.

) D=posited bellows are made on mandrels that have teen machined to
the precise shape desired, and epparently 6061 aluxinua alloy is universa.l:,
used for the mandrel material. A separate -endre" must be used for ez2ch
bellows, ard the mandrel will be reflected in the structurc of the dellews
Tae expense of machining ‘and "’mis‘ning ot the mandrels to the rigid juaiity

requirements necessary is a major cost item in msnufacture o deposited belluws.

After the,bellows have beeiz deposited on the mendreis, the mandrels
are dissoived away, presussbly in an alkaline solution in ordsr not to damage
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the bellows.. The bellcws may then be gold plated, although this }a not easan-

tial; and end fittings are soldered in place. Soldering is used vecause of
the thinness of the bellows walls. )

1Y

Diaghrgggs _

Disphragms are constructed by spinning,, stsaping, or hydrostatic
pressure. The spinning is done 4n a lathe by pressing the metal against s
corrugated form. This results in a certain amouqb of cold working which im-
proves the life of the diasphragm. Soa? manufacturérs 'itamp the diaphragrms
first and finish them by spinning. '

In the stamping process usually two mating steel &ies are used.
Some dies are made so that they make .ontact.only with the material c¢n concave
sides of the corrugations. The depth can be adjusted through & wids range.
The die can be made such that the corrugations are formed in succession from
the inside to the outside, thus drawing the material gradually Zrom the ont-
side. In oarder to reduce friction, a lubricant may be used batwecen ithe mater-
ial and the polished die.

The hydrostatic process is similsr to the process used to form
diaphragme for welded bellows. 'A metal blank is clamped cgainst the die and
hydraulic pressure or pressure Ir-om steel-backed rubber forees the dlank
against a corrugated die. Small bleed holes relieve the’ pressure bptveen the
blank aad the die.

The material may be heat treated prior to forming o make the material
more easily worked. After formation, the disphrasm may be heat irested to
reduce the residual stresses creaﬁ_ed by the forning operation. The typ2 of
heat treatment reguired before and’ after forming is a function of the material
and of the diaphragm shape. - .

A single diaphragm may be used or two diaphragms may be fzstzned
together to form a capsule. In either case the disphragm will be fastenad at
the outer diameter and suitable fittings will he atteched to the center of
the disphragm. A diaphragm used singly may be clamped at its outer edge.
Fittings are attached to the centers by a variety 'of processes including sol-
dering and spot welding. Welding of the diaphragm edges is usually accomplithed
by OTA welding, although ccnsiderable experimenting is being done to adapt ' '
electran-beam weldinz for this purpose. Electron-beam welding is particularly
attractive when the diaphragzm capsule must be evacuated for service.

58

e ey oy

-t
5
2

o mTEm T




SR B,

»

-

In-Progess Ing'z‘étio&
' | SN Seilbeet
Bellows and diaphragms are inspected during spd afier fedricstion.
In-process inspection is ntendnd to.detect faulty miteyial, favlty welding,
improper ccovolution formatim, handling.demksge, ané.lasgk.of clesulineds.

* PR o s T
e

Moterial Inspection

Ae described previcusly, materisls for bellows and diaghreges mist
be very unifornm and free fram defects. When material is yecolved, it is
usually measared and ingpected cerefully to make mure that there ere nod isrge
irregularities such as thinnirg, bulges, -wrinkles, and d2nts, and no a;xrfacp‘ .
dazuge such as nicks, scratches, and pits. Often apeciswns rrm sazh sheet
ere useil to determine the yield strength, ultimate strength, hsrdness, aud
chemicel compesition of the materiai.

Veld Inspection

) Many menufacturers consider the formiug process to be sn adesquate
check on the quality of the seam weld. Ynis is pavrticularly truse of bellwws
formed by hydraulic or rubber jwessure. The appesrance of the weld 18 usually
checked for size and auniformity. In some cages, the wsld is checked by radio-
graphy. As i8 explained in the following secticn, thexe is consideradle dis-
agrezuent concerning the value of radiographic inspection. :

Convolublion Formation

Althicugh it is xnown that shadowgrsph equipsent is uged by swme com-
panies for checking convolution shape, %12 means of checking convolution
shape and material thickness are not; know: in detseil because this function is
a part of the propriecary aspect of bellows and disphragm manufacture. How-
ever, it is apparent trat visual checks ané amsaswrement of criticsl dimensions
wre used in-all caszes.
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Hapdling Damage

Extreme care must be taken o assure that the thin bellows ".{!51, v em R
disphragm material is not dammged during manufecture. Inspection for such
damage is done visually. ¢
Cleanliness )

Extreme cleanliness is required for aerospace belicwe &and diaphragms,
particularly for multi-ply bellows. The procedure for checking cleanliness,
depends on the type of cleaning process being used and the cleanlineés le:yel
required. With multi-ply bellows, & reasonably good check is provided by a
rostformation heat treatment. If moisture is trapped between the plies, gas-
expansion causes a bulge in the bellows. However, cleanliness is so important
end so difficuit to check, that rigid coutrol of the cleaning processes is the
best means of achieving satisfactory cleanliness.

oac o Tl



EVALUATION TECHEIQUES

r R 1 ¥

Bellows are both inspected and evaluated in pei'fme after fabri-
cation. Scme or all of the fallowing procedures:may be carried out by the
manufacturgr as well ags by the purchaser.

Evaluation Procedures for Bellows

The primary failure moles for aerospace bellows are: (1) leskage,
(2) improper spring-rate characteristics, (3) squirm, (4) fatigue due to
excessive magnitude and/or number of applied lcads or displacements, and (5)
fatigue due to excessive cycling because of vibration. Because failures msy
be caused by improper design, by material and manufacturing variations, and/
or by unanticipated operational modes, the evaluation Procedures are concerned
with one or more of these sources of failure. The types of procedure used
for any given bellows are determined oy the manufacturer and the user.

Paysical Examination

Although aerospace bellows are usually manufactured carefully in
small quantities, it is still customary to submit each specimer to a physical
examination after it has been febricated. ‘Such an sxamination is desirable
because premature failure can be caused by very small material and manufac-
turing variations, and such variations may occur even in the most closely
supervised manufacturing process. Bellows are commonly inspected by the fol-
lowing procedures.

Visual Inspection. If an unanticipated stress raiser occurs in a
highly stressed area, the bellows may fail prematurely. Tre stress .y in
bellows are greatly affected by the thickness and shape of the convolutions.
A visual inspection of each beliowe is usually made to determine that the
bellows has been made to the proper dimensions, and to detect changes in
bellows shape such as bulges, dents, flats, ridges, and grooves. In addi-
tion, measurements are often made to verify that excessive thinning of the
material has not occurred at the roots and crests of the convolutions.

Visual inspection is also used to obtain an indication of stress
raisers occurring in the swrface of the material or in the welds. Because
fatigue failures can be greatly accelerated by surface irreguiaritiess, the
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bellows surface is closely inspscted for pits, nicks, and scratches. S£u im-
rortant are surface effects that a bellows may be rejected if the appearance
of the bellows surfece is significantly different from the appearance'which
is known to be normal for that particular manufacturing method. Welds are -
inspected for size and uniformity of bead, and for color.’ Although it'is -
not always possible to detect a poor weld by its appearance, experience has
shown that a weld which is irregular or which shows evidance of impropar heat
application may cause premature failurs. The inspection of both the material
surface and the welds is often conducted with & liquid dye pemetrant to assist
in the detection of cracks and scratches.

Visual inspection is also used tc verify that the bellows has been
cleaned properly. Usually aerospace bellows must be extremely clean snd any
evidence of dirt or liquid film may be cause for rejection. '

Radiographic Inspection. There is considerable disagreement con-
cerning the value of radiography for inspecting bellews. Some companies
believe that radiographic inspection of bellows is so difficult as to be in-
effectusl, while cther < -paniss believe that it is a useful,- if imperfect,

, inspsction procedurs. The value of the procedure dependes to a great sxtent
on the size and shape of the bsllcowe being examined.,

Leskage

The large surface of thin msterisl and the nmuwmber of walds make
bellows susceptible to lesksge. Leskage is usumlly checked duriag the proof-
pressure test becaus2 this is the condition moet likely to reveal a leak.
Three types of leek testz are common: (1) a bubble test in a liguid, (2) a
soap-bubble test, and (3) a helium-mass-spectrometer test.

In the bubble test in a ligquid, a gas is used to pressurize the
bellows and the bellows is placed in a liquid to detsrmine whether bubbles of
escaping gas can be dstected. In the soap-bubble test, & soap solutioi'z is
painted on the surface of a pressurized bellows. The bubble tests are parti- .
cuiarly good for liquid systems because it has been shown that a source of
leakace which cannot be detected by these methods will rarely leak a liguid. -
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For gaseous systems, and far liquid systems opersting under stringent
conditi~ms, the hélium mass spentrometer is usually used. -This-test may de
conducted either by evacuating the bellows and surrounding the:bellows:-with -.
helium, or by preswuriring the bellows with helium and “sniffing™ the owtsids-
of the bellows. In either case, the rate of leakage is usually not- messured: =
any leak being,considered cause for rejecticn.

Spring Rate

The spring rate of a bellows is the summation of the spring rates of
each convolution. In addition, the spring rate is approximstely proportional
to ithe cube of the thickness of th2 hellows material, Consegquently, excessive
spring-rate varistion is one of the most sensitive meuns of indicating im-
properly formed convolutions or excessive waristion in msterial thickness, axd
spring rate is a major criterion for comparing the expected performsnce of a
bellows with the laboratory performance of test specimens of the same
configuraticn.

For most bellows cperating in the eiastic state, the axial spring
rate of an unpressurized dellows 1s linsar. If the requiied loads are small, the
spring rate may be measured with dead weights or a load cell. If the loads are
large, a universal testing machine is commonly used. It is desirsble bafore
taking measurements to "exercise™ the bellows several times to sdtain a re-
producible deflection-versus-load relstionship. :

8ince the axial spring rste is significantly changed if a bellows
is pressurined, tbe zpring rate under cperating pressures and hﬂegtiong is
also often determined by experimeni. Ihis is & more cosplex test then an
unpresaurized spring-rete determingtica hecause the bellows must be sealed
properly and restrsined, and accurate pressurizing spperstus is req\nred

Sometimes it is desireble tc atasure the spring rate of a bellows
offset or angular deflection. It is usually necessary to design special
fixtures for each sppiication. In general, the forces requirei for this type
of test are sufficiently low that they are applied with dead weights or &
load cell.
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Operational Evaluation

Operational-evaluation Procednres consist of cperating.the bellows.
under conditions which simulate ihe most severe operating conditions.. Typi-
cal tests s’e concerned with deflection, pressure, vibration, and flow. The

o

tests are often conducted at ambient temperature first and then at operating
temperature.

[
.

Endurance Cycling - l’)‘enection Only. Many bellows cperate with fluid
pressures vhich are sufficiently low that the stresses due tc pressurs are
insignificant. For 'such bellows, it is possible to evaluate their operating
life by unpressurized deflection tests. It is necessary to duplicate the ex-
pected deflection modes and to deflect the bellows a sufficient number of
cycles to demmstrate adequate life. It is very difficult to determin:s how
many cycles beyond the expected operating cycles are necessary to demonstrate
an adequate design. This is decided for each applico.tion by the manufacturer
and/or the user.

Endurance- - Pressure . In some bellows, fcr eﬁ.plé
flexible metal hose, the stresses caused by pressure are the only significant
stresses, If pressure pulsations are expected in the fluid system, tests are
conducted to determine whether such pulsations will cause fatigue failure
it the bellows.

Endurance Cycling - Deflection With Pressure. The most common
operaticnal tests consist of deflecting the bellows in the expected opera-

tional modes while the bellows is pressurized to the maximm internal. or ex-
ternal svatem premsure. This test produces the highest cambined stresses.
Cycles equivalent to the expected number of life cycles plus a certsin number
of additional cycles cre imposed to demomstrate sdequate life expectancy. .
When only axial deflections are required, these tests are relatively simple.
When a combination of axial, rotationsl, and/or cffset motion is required,
the test may become qusty complicated.

Vibration. Because a bellows behaves like a spring and responds to
certain frequencies, it is necessary to demonstrste tat a bellows will not




recpond improperly to the expected vibrations of the system ltructm -and’ flﬂ.

. yresaturely from fatigue or overstressing. The bellows is. ususlly:subjecied
t0 the amplitude and frequency inputl which represent the -conditions.. mﬁ"}'
.. in the system. A range of rrequncies and amplitudes is usually used.because.

of the difficulties of predicting the ‘expected operating values accurately,
Occasionsily the behavior of the structure is put on: tape -and the tape.is.
used to drive the vidration eqguipment;:

Flow. The effect of fluid flow through the bellows must sometimes
be evaluated. One criterion is the amount of pressure drop caised by the
bellows. Another criterion is the susceptibility of the bellows to flow-
induced vidbration.

Squire

A bellows with a length-to-diameter ratioc greater than one may fail
as a column when subjected to internal pressure. The determination of this
pessibility is usually made during the proof-pressure test.

Proof Pressure

As with all fluid-system components, brllows are subjected to 1-1/2
to 2 times the maximum system pressure to demonstrate a pressure-safety factor.
The proof pressure is usually muintained for a period of several ugxpt'es.

Pressure Capacity

It is customary to subject a representative bellows to sufficient
pressure to cause rupture. Occasionally, note is tsken of the pressure at
which severe deformation of the beilows occurs, because only large deforme~
tions change the subsequent response of the bellovws (2.g., spring rate,

. stroke capacity, fatigue iife). Thus the deform:tion pressure msy be the
practical m:d.mn pressure capacity.
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Poustexamination

If a bellows fails to pass one of the above tests; perticulicly the
operational tests, 1t 1s necessary to determine whether failuré wis céused by
circumstances peculiar to that bellows, or whether & design or manufasturing:
change should be mads. The postexmuination consists of utilizing thé proéedures
descrited under Physical Examination to detersmine the causeé of ‘failure, In’
sddition, it is common practice to make & microscopic examinstion ofthe fatled
ares, and to make a metallographic examination of pol:lohed cross sections of
the failed material.

Evaluation Procedures for Diaphragms

Diaphragms are usually evalusted only by the manufacturing facility.
The component containing the diaphragm may be evaluated by the purchasing *.<
facility, but the purchaser is usually not concerned with the diaphraga per
se,

The evaluation of diaphragns as instrument devices is delcribed in
considerable detail in Newell's "Diaphragas chu'acteristicl, Deum,
Terminology”. (1) The techniques and equipwent described shorild be sdequate
for measuring force, pressure, and deflection characteristics for any
disphragas vhich are to be operated entirely within the elastic atate. Many -
of the procedures described could be used for cvalusting small instruaent
bellows. s

The evaluation of diaphragms for other operationsl modes is not
well reported. In the absence of sufficient infarmation, it must de concluded
that expected operstionsl conditions are simulated and test specimens are o
cycled in an attempt to determine operatiomal sdequacy. It is assumed that
mar; of the techniques used for tellows are also used for disphragms.
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" Adachi, J., and Benicek, M., "Buckling of Torisphericsl Shells Upder .
Internal Pressure”, Experimental Mechanies, 4, (8), August 196%, pp 217-222.

Buckling experiments were perfcrmed on & series of mcdel torispherical
bulkheads loaded by internal fluid pressure. The models were rigid poly-
vinyl chloride with a base diameter of 10.52 in. Parameters which ware
examined included thickness, central angle; and toroidsl radius. The
critical buckling pressure varied as a power of thc thickness and aimost
linearly with the centrel angle. The buckling preseure was found also
to be very sensitive to a change in toroidal radius,

2.
Aerospace Fluid Component Designers' Handbook, Wol. 1, Section 5.0,
"Modules™, TRw Space Technology Leborstories, Redondo Beach, Caiif., Mey 1964.
Section 6.6 of the handbook presents a review of design information an

metallic bellows and diaphragme. Several design formulias and charts are
given to aid the designer.

13
Ikasaka, T., and Takagishi, T., "Vibration of Corrugated Diaphragm”,
Bull. Japan Soc. Mech. Eng., 1 (3), August 1958, pp 215-221.

T. Akasaka formerly studied the elastostatic properties of the corrugated
diaphragm, considering it as an orthotropic elastic plate by smearing out
the effect of the corrugationz over a wave length, and found that the
calculated results agreed well with those of experiments. In this paper,
an analysis is made of the vibration properties of the corrugated

. .diaphragm with the seme assumptions as for the static case. Approxi-
mate formulas are obtained for the natural frequencies of symmetric and
asymuetric modes including the effect of concentrated mass. Further-
more, by the energy method, the effects are .studied of initial tension
and concentrated mass on the natural' frequencies. ' In order to check
this analysis, some exporiments were performed. The experimental
results showed good coincidence with the corresponding formulas, when
tha anisotropy parameter a is not- so large.
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" Aksel'rad, E. L., "Equations of Deformation for:Shells of Revolution
and for the Bending of Thin-Walled Tubes Subjected to Large Elastic
Displacement”, ARS Journal; 32, July 1962, pp 1147-1151.

In this paper the author extends A. I. Lurye's equations for s shell of
revolution to large elastic displacements of an enisotropit¢ inhomogeneot
shell. These equations define the bending of & curved tube provided the

tube remains a section of a shell of revolution.

5.
 Aksel'rad, E. L., "Calculation of Corrugated Members as Nonshallow Shells”,
Izv. Akad. Nauk, SSSR, Otd, Tekh, Nauk, Mekh i Mash (5), 1963, pp 67-76

(in Russian).

Equations were previously developed into a form suitable far the calcula-
tion of large buckling of membranes of an arbitrary profile. A solution
of this type is analyzed by the Bubnov-Gelerkin method to a linear approxi-
mation. A solution is given for membranes for the general case of an
incomplete sinusoidal profile without a larger edge carrugation; it
corresponds satisfactorily with published experimental results and it is
suitable for practical calculations of mesbranes with a linear deflection
curve. This solution takes into account the effect of the type of fasten-
ing of edge corrugation and the effect of corrugation pitch. The method
used can be applied to the calculation of nonlinear characteristics of
membranes, including membranes with edge corrugation.

6. L : :
~ Aksel'rad, E. L., "Large Defarmations of Corrugsted Membranes as Nonscallow
Shells", Jzv Akad Nauk, 8SSR, Mekh i Mash (1), 1964, pp 46-53 (4in Russisn).

In a previous work, the analysis of omall deformation of a wesbrane with
sinusoidal corrugation was based on the solution of equations of a shell.
In an expansion of this sclution, the problem of calculating nonlinesr
characteristics is analyzad in this paper. The produced formulas for
calculstion of deformation of mesbranes with uniform sinusoidal corru-
gation are compared with experimental results produced by V. Ya Il'minskiy.

Ln.each, C. W., et al., "Prediction of Creep Effects in Aircraft Structures”,
General Dynamics/Convair Report, February, 1962 (AD 277163).

The method preseated in WADD TR60-411 Part I for predicting deformatiocus
in aircraft structwres undergoing creep is reviewed. Modifications and
simplifications of this method are considered, and a simplified versiom
of the originmal method is presented. Box beam tests were used to investi-
gate the simplified method. The outcame of these tests indicated the
sccuracy of the method in predicting deformations in aircraft structures
undergoing creep was in the same order of accuracy as that usually
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2.

experiencad in redundant analysis procedures. The power law for expressing
creep relations is found redundant in sclution. Its usefulness appears.
chiefly in the display of creep test data. Currently creep p:ediction
methods, such as the Larson-Miller and Manson-Haferd methods,. lppecr as
linearizing approximations for creep-relations w:lth the result the.t 1nlc-
curacies in predicting very long and very short creep 1ife restrict the:lr
usefulness. An approach to creep prediction based on m'eep-rupture hiltory
for establishment of creep laws is proposed. Relationships ‘betveen tens:lon-
and creep-test data are examined experimentally with respect to sinsle

and repetitive load applications. General relationships are examined

with the cutcome that a general approach to creep prediction in all
metallic materisls appears improbable,

Anderson, W. F., "Analysis of Stresses in Bellows, Part I: msisn
Criteria and Test Rosults') Atomics International Repart NAA-SR-4527,
Octcber 15, 196k,

Design charts and systematic design forme are presented for sieplified
calculations to check the number of convelutions and thickness required
to limit the deflection-pressure stress range in three types of bellow::
(1) convoluted bellows, (2) convoluted bellows with reinforcing rings,

and (3) toroidal bellows. The design charts are based on the equations
for stresses derived from an asymptotic solution for the equations of
taroidal shells found in previously published literature. Proposed stress
limitations to be used with the calculated stresses are based on those

of the ASA Code for Pressure Tiping. Data fram 108 fatigue tests at

70 F and 18 fatigue tests at 1200 F for all three types cf bellows are
presented. These data are evaluated statistically and justify use of

the proposed allowable stresses. The conclusion is drawn that expansion-
Joint bellows can be designed to the same stress levels as other componscts
of a piping system with equal confidence in the reliability of the design.

Anderson, W. F., "Analysis of Stresses in Bellows, Part IY, Mathematical”,
Atomics International Report MAA-SR-U527, May 27, 1965,

This second part of a tvo-part report yresents the mathematical justifica-
tion of a proposed dezign analysis method for pipeline expansion bellows.
When this study was initiated, three mathematical teckniques - nanely

(a) truncated series, (b) finite difference, and (c) direct anslytical
functions - appeared to offer sufficiently accurate stress solutions of
the differential equations of elastic-shell behsvior. (1) The truncated
series solutions-involved the usual problem of undetermined error result-
ing from truncating the series; and required eliminating certain important
varisbles to simplify the equations so that solutions cculd he chiained.
(2) Finite difference solutions seemed to require a reedlessly great
number of segments because the bending stresses can attain their pesk
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values and start to decrease within 1/6th (15 deg of the 90 dcg) -of “the"
segment of the toroidal shell section. Also, with the co-puterl svail-
able at that time, costs of programming the finite difference squations
and of computer time promised to exceed those for the technique sélected! -
(A greater numder of important varisbles, hovever, might bave been
relisbly investigated by this finite difference technique.) (3) The
possibility of cvtaining direct solutions of the toroidal shell .equations
as a boundary values problem, using published values of Hankel functions,
had been demonstrated by the work of Clark and Hetenyi and Timms. This
technique requires solution of only four simultaneous aquations for each
combination of variables, and allows inclusion of one important variable
that must be omitted by the truncated series solution. S8ince the Hankel
functions are solutions to equations which represent the shell equations
asymptotically, a certain error was unavoidable in solving the asymptotic
equations at points far from the asymptote. Nevertheless, the direct
technique was selected for use when it was observed that compensation for
this error could be introduced, to permit reasonably accurate results. -

Andreyeva, L. E., "Calculation of a Corrugated Mesbrane as an Anisotropic
Plate"”, Inzh. Sb., Akad. Nauk SSSR, 21, 1955, pp 128-141 (in Russian).
Existing methods of calculating corrugated membranes have limited ranges
of application, since they sre applicable only for camparitively sasll
daflections (of the order of 2 - 2.5 times the thickness of the mesbrane).
Hovever, most membranes are deflected an order of magnitude grester than
the thickness of the membrane. The thinner the mesbrsae, the grester

its relative deflection compared to the thickness and the smaller the
region in which the calculated 1°sults are valid. In this peper, an
approximate method is presented for the calculation of & thin mesbrans
for dsflectiocus considerably exceeding its thickness., This method may be
used for a asmbrane with arbitrary periodic corrugations. The method 1is
essentially the same as that used by Baringx.

"Applicstion of Metal Bellows", Machinery(London), 73 (1888), December 30,
1948, pp 887-89%.

Brief descriptions sre given of the design, manufacture, and use of formed
and velded metal bellows. Causes of failure are given, and a chart is
presented for estimating the possible cyclic life,




Archer, G, R., "Buccesaful Welding of Foil Gages", Welding'J. 3 )-(¥);
April 1960, pp 343-347. ’ fe e

Time-temperature charts are given for the heating of electrical-Fésistance
spot welds in stainless steel 0.010 in. or less thick: The maximum
temperature is usually rcached within the first 1/2 cycle of 60 cps current
flow; a weld forms in the first half cycle and the weld nugget increases

in size for each subsequent hxlf cycle, Variations in welding time (number
of cycles) do nct produce pronounced effects on weld strength; but -varia-
tions in heat (setting of the welder) are extremely importsit. ' Expulsion
of molten metal, if it occurs, usually occurs on the first or second half
cycle. Peak voltages and currents, rather than ras values, are significant.

Archer, R. R., "On the Jumerical Solution of the Nonlinear Zquations for
Saells of Revolution”, J. Math, Phys., 41, September 1962, pp 165-178.

Although the general equations for the finite axisymmetriczal deformations
of thin shells of revolution have been available for some time, it is only
very recently that computational procedures have been designed which have
produced detailed numerical results with the aid of digital computers

for significant nonlinear shell problems. It is the purpose of this paper
to set up a procedure for the numerical integratiom of the nonlinear
shell equations as derived by Reissner, and demonstrate the effectiveness
of this procedure in handling nonlinear shell problems. In particulsr,
detailed numerical results are obtained for the clamped spherical shell
segment under uniform pressure and the spherical shell segment without
edge moment or horizontal restraint subject to a point load at the apex.

Arkilic, G. M., "Analysis of Toroidal Shells of Semi-elliptical Cross
Section", Ph. D. Thesis, Northwestern University, 1954, 88 pp.

‘The problem of toroidal shells of sexi-ellipticel cross section under
axially symmetrical loading and given boundary conditions is treated by
deriving the differential egquation from the fundsmental equations of thin
shell theory. The complete solution of this equation is obtained by
utilizing the asymptotic foarms. After having aralyzed the geaeral pro-
cedures of several types of losdings and boundary conditions, some prov-
lems o practical importance are worked out numerically. Of these, the
analysis of stresses and deformations of bellows may be mentioved. In
addition, approximate formulas for maximm stresses and deformations ave
established for general engineering use.

Au, T., "Equations for Thin Toroidal Shells”, J. of the Aerospace 8ci.,
26 (6) June 1959, pp 391-3%.

In the analysis of thin elastic shells of revolution having constaat
ralius of curvature slong the meridian, the fundemental equations of equilid-
rium and deformation based on Love-Meissner's assumptions can be reduced
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td two simultaneous differential equations of second order. In the c&nr“

of conical 3& spherical shells, such reduction lea’s: %o ratm nmle

results. the portion of a toroidal shell which'ssrves-gs-theiknickle

of a toriconical or torispherical head of 8 pressure nsu‘.l., tinihr ) .
results can be. cbtained. -

Azzi, V. D., "Plasticity - A Ourvey of tkz State of “be Art", CGeneral
Dynamics/Electric Boat Report No. U413-62-006, Fel:ravy 15, 1962

This report reviews the available literature pertinent to scme aspects of
plasticity. Pzst achievements, present aress of investization, snd possibie
future areas of interest are considered. The emphasis is on the present
state of the art of those phases of plasticity broadly :laseifie? s

limit analysis, dynamic plasticity, and yield criteria. Research in plas-
ticity- has been most active for little more than a decade. It is concluded
that although considersble effort has been expended in the inwvestigation

of those phases of plasticity of interest, and extensive literature is
availeble as a result of these investigations, much additional research
will be required to bring this relatively young field to a desired stage

of maturity. A bibliography of 264 references is included.

Badavy, E.S.M., "An Investigation of Deflection and Stress Distribution
in Corrugated Diaphregms”, Ph. D. Thes:ls, Unimlity of Mimnesota, June .
1959, 132 pp.

A general analysis of corrugated diaphragms is presented. Expressions
for deflection and stresses have been derived by differential equationms.
Additional developments have been made for the deflection of corrugated
disphragas, subjected to cemtral loads, by dimensional anslyses. A com-
Plete stress analysis wss made for a diaphragm subjected to a central
load. Using the results of this calculation, further recamendations are
made for other diaphrasms. -

18.

——Msk:‘ichm, 8., and Srinathkumsar, 8., "Pressure Transducers Using the
Lirear Differentisl Transformer”, "Matl. Aeron. Lab. , Bangalore, July, 1963
(W6%-29389).

A pressure traidsducer is described which uses a linear varisble differen-

tial transformer to sense the displacement at the centre of a disphrags :

subjected to the pressure being measwred. Design details of the transducer: :
are given including complete specifications for the differential trans-

former and the electronic circuit used for indication. The disphraga

of the transducer is changed to get different full-scale prescure ranges. .
The accuracy of the transducer in all ranges is better than il percent. "
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Berker, R. B., "Pigma Weldins A Mathod for Rmm Vﬂ.d Porocity iklding
J., 44, January 1965, pp 1s-6s.

Porosity in welds.is grestly reduced wvhen Al is welded ti;th, the gj_s_.o{njcj;:l-
arc process in a chamber filled with an inert gas to a pressure of 50 psi.

Barnby, J. T., "Effect of Strain Aging on the High-Temperature m:ue
Properties of an AISI 316 Austenitic Stainless Stsel”, Iron and Steel Inst.

J. 203 (&), Aprid 1965, pp 392-397.

The appearance of jerks in stress/strain curves during high-tempersture
tensile testing, and of initial yield psints in room-temperature iensile
tests, shows that strong locking of dislocations can oceur in AISI 316
austenitic stainless steel. An increasing rate of wo*k-hsrdsning with
increasing temperature, coincident with Jerky atreu/strain curves, is
interpreted as due to dynamic strain aging »f dislocations which becoxe
stroagly locked by carbide precipitation upon them.

Baskevitch, N., "Bffective Area of Diaphragms", Machine Design, 30, Auvgust

Fomulas are presented for dstermining the effective area and effective
diamster of circular disphragms. The formulas are derived by tresating
the diaphragm as a uniformly loaded trapezoidal beam.

~ Beard, C. S., "Positioners for Disphragam Actuators”, Instrusents and Auto-
mation”, 29 (9), September 1956, pp 1782-1783.

Valves mast be positioned accurately to function as precise control elements.
Brief descriptions are given of valve positiomers using bellows and diaphragas
to impart sensitivity to the valve and to insure accurate positioning as
dictated by the control signal.

Bell, W. J., and Benham, P. P., "The Effect of Mean Stress on htigue Strength
of Plain and Notched Stainless Steel Sheet in the Range from 10 to 107 Cycles",
IMIC-49513, Battelle Memorial Institute, October 1962.

Stainless steel sheet (18 CR - 9 Ni) vas tested in fatigue under axial-load
cycling in plain and notched conditions. Various stress ratios R were
used, rmging from R = =1.0 to +0.G1, and cyclic lifetimes of from 10

to 107 cycles were covered using testing frequencies of 5 to 15 cpm and
3,000 cpm. The effect of mean stress on notch fatigue strength could not
be predicted empirically solely from unnotched zaterial dats; it least

one notched fatigue curve is required. A fatigue strength reduction factor




based ou maximum stress for a particular mean stress and endursnce providad
the most reliable correlation between uanotchied and notoned data. Siwple
functions existed in the low-cycle region detween striss range and. plastic
strain range, and between total energy and cycles-to-frazture; both i

functione were largsly independent of stress ratio.

oL,

T Bell Acrosystems Co., "Research on Zerc-Gravity mluon Technigues,
Final Repart”, No. T129-933003 March 1962 (AD 27ho4k).

Design concepts are presented of zero-gravity expulsion-devices on an
extremsly broad basis and a compendium is formed of such device configura-
tions ae an aid to systea designers. in the selection of expulsion systems
for particular applications. As & supplement to the concept presentationms,
the report also presents some of the more important data neceassry for
design with emphasis on information not readily availablse in current litera-
ture. ) : ’

25.
Bell Acrosysteas Co., "A Study of Zero Gravity Positive Expulsion Techniques”,

This report sumsarizes the results of a 10-month program comducted by

the Bell Aerosystems Company to fulfill three prime ocbjectives: (1) To
evaluate metallic positive expulsion devices applicadble to rocket propul- ‘.
sion systems, (2) To conduct design and integration analyses of the expulsion
device considered to offer the highest potential for application to manned
space flight and far which a broad base of engineering design data were
lacking and not in the process of being generated under any other knowm pro-
graa, and (3) to design, build, and evaluate an apparatus to measure pro-
pellant permeation rates through typical nonmetalljc materials used in posi- .
tive expulsion devices. It was established that a substantial body of
engineering design and tank integration data were already in existence,

or were being gathered both for nonmetsllic expulsion devices and for nom-
conventional systems such as those using surface forces, dielectrophoresis,
and acoustics. On the other hand, the ex_sting body of engineering data
covering metallic expulsion devices wvas found to be rather meager. How-
ever, metallic expulsion devices offer a greater potential for manned

space flight because of their ability to withstand a vider range of operating
temperatures and radiation dosages than nommetallic systems.

-

26.
T Bell Aerosysteas Co., "Study of Zero-Gravity Positive Expulsion Techniques",
Interim Report No. 8230-933007, April 196%.

This report summarizes the work of s '10-month continustion effort under the *
basic NAST-1%9 program. The major tasks considered for this follow-on

effort were: (1) structural investigation of metallic bellows; (2) dynamics
irvestigation of metallic bellows; (3) permeation technology; and (k)

optimm envelope investigstion. The repart discusses the modifications

8
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incorporated into the structural analysis of belluss which was staried during
the basic prosram. Also presented are results from a prelimimary -study of the
effects of variation in geometric parameters. The dynamics anslyses of ballois
include a comparison of the bellovs.accordion mode and the gen2ral case of

8 longitudingl homogeneous bar fixed at both snds. A mathzmatical model for
the liquid modes was also developed. Tnis porous-bar concept demonstrated
good agreement with test data. Results of an experimental test program to
determine the dynamic characteristics of double-ply dellows are insluded. ;
The permeation work was a continuation of the investigations initiated during
the original program on detectors. As a result of this work, the thermistor-
type detector uvas selected as the most practical. Both the design and the
application of this detector are discussed. A new permeation chamber, using
a corrugated diaphragm in place of a bellows, is discussed and the rasults of
development testing with this apparatus are presented. A series of graphs is
presented for use in selecting the lightest weignt tellows assembly.

-~

= Bell Aerosystems Co., "Study, Design and Test of Functionally Intemyated

Pnsumatic Components for Rocket Propulsion Systems"”, Edwards Air Force Base
Tech. Rept. No. AFRPL-TR-65-93, June 1955.

An investigation was made of hslium pressurization functions in propulsion
systems for several classes of vehicles. Techniques of perfarming the func-
tions of £ill and drain, filiration, start, pressure regulation and relief
were studied and concepts of integraiing and combining these functions were
evolved. The concept of integration of functions wae implemented throuzh the
dasign and fabrication of two integrated pressurization compon=nts for service
with fluroine and methane gas pressurants. Design characteristics incluled
nickel-beryllium seats and poppets, monel cladded solenoid with solid-state
current limiter, metal dynsmic and static seals, common relief and regulator
spring and bellows, and Monel 5 micron filter. HF corrosion testz were coa-
ducted on nickel-beryllium and Inconel specimens. Leakage, resporse, and
andurance tests were conducted on the solenoid start valve which incarporated
a nssted plate beliows made of Berylco Nickel L4O. Performance tests were
mad2 on the relief valve which contained a hydroformed bellows mad= of 3-ply
0.003-in. Monel. Steady-flow and dynamic-flow perfarmance tests were con-
ducted on the pressure regulator which incorporated an externally pressurized
bydroformed "Omega” bellows made of Inconel X. Finally, performance tests
vere conduzted on the prototype integrated pressurization components to verify
their design and ascertain achievement of perfarmance objectives.

."Dellovs Give Piexibility With Strength”, Engineerinz, 193, March 23, 1952,
vp 336-387.

A drief description is given of the use of metal bellows for providing the
fleaibility and strength neseded for expansion and sealing of piping systems
and processing equipment operating at elevated temperatures and pressures.




"Bellows: Improved Structiure Reduces Flex Failures”, Iron Age, 172, .
December 24, 1953, pp 86-87.

It is claimed that a welded-diaphragm-type beliows deveioped for atomic
energy applications offers long life under severe c- 1iitions of corrosion,
vibration, and high temperature.

30.

"Bellows is Red2signed for Welding", Prod. Eng., 27, December 1956, p 161.

A change from bronze to stainless steel required thirner eactions at all
joints for welding.

Bert, C. W., and Crites, K. A., Experinental Mechanics in the Developmant
of a New Ministure Pressure Transducer”, Experimental hechanics, Permagon
Press, Ltd., 1963, pp 307-322.

This paper describes the development of a miniature pressure trensducer of
the diaphragm type, with strain elements based on a new concept. The dia-
Taragm was only 0.0025 in. thick and 0.190 in. in diameter and it was
necessary to develop & special microanalysis technigue, using ultrathin
brittle-lacquer costing. Speciai procedures were required for dilutionm,
spraying, and curing. Comsideration of the strain distribution on the
diaphragm surface showed thet the optimum arrangement bad radial strain
elemernts in the outer region and tangential ones in the central portion.

A unitized etched-foil design was developed in which all four aras of the
br:ldge are active arms on the diaphragm surface. The principal advantages
of this design are its internal temperature compensation and its high voltage
output per unit pressure change. Performance data for the transducer were
gathared,

Berwald, W. B., Buss, H. A., and Reistle, C. E. Jr., "Bureau of Mines
Multiple-Diaphragm Recording Subsurface-Pressure Gage”, Buresu of Mines
Rept. of Investigntions 3291, Ncvember 1935, 19 pp.

Accurate measurement of subsurface nressures and temperstures in producing
0il and gas wells is an important step to place the practice of petroleum
oroduction on an exact scientific basis. This report presents briefly the
pert of the Bureau of Mines has played in the development of suitable
instruments for these measurements and gives in detail, largely throusgh
dravings, the design, construction, and operation of & new recording sub-
surface pressure gage, utilizing a series of thin, tempered-steel diaphragas,
wvhich has bean used by Bureau engineers. )




Bhuta, P, C., "Anslysis of Toroidal Sheils of Sai-uliptic&l Croas Sectim
Subjected to a Uniform Internsl Pressure”, M. 8. Thepis, Psnnaylﬁn,&
State University, 1957.

The purposs of this study is to perform the stress nu:bnic of toroaidsl
shells of sea.-eniytiul cross section. The shell is :\b,joctcd to.a uni-
. form internal nressure and the boundaries of the sheil ere assumed to Se
fixed. The analysis of toroidal shells of semi-eliiptical crcss section
vos made by G. M. Arkilic for certain types of losdings and boundary
conditions; however, the solution ‘far & shell with fixed boundaries,
subjected to a uniform internsl pressure alone, has not previcusly been
given. The analysis is accompliazhed through the extension of the solution
developed by Arkilic by using the method of asymptotic integration. The
solution is valid for large valuez of the dimensional parameter ji. A nuvasrical
problem is solved.

31;

/. Rlack, H. L., and Lherbier, L. W., "Press Fcrmebiiity of Austenitic Stainless
s vm .3:§r ¢ Steel”, Metal Progr., June 1965, pp <2-6T.
't R L) ’ X .

To cbtain satisfactcry results during press forming of sustenitic stain-
less steels, the mateyrial should have tne lowest possidle yield stress and
' e a -moderate rate of wirk bardening. This article discusses how the coapo-
sition of a stainless allay can be modified slightly within AISI specifica-
tions to insure optimum performance. ] #
. ' [
- )
A
., . Blair, R. V., Johnson, D. L., ani Marley, J. P., "Metal Beliows Seals”,
*  Lubrication Eng., 17 (10) October 1961, pp LT0-k75.

Sometimes te-puctm extremes & Zamma radistion dictate the use of &
metal bellows in an end-face-type seal. The purpose of -thic paper is to
acqguaint the sesl designer and the seal user with the various parsmeters
associsted with the two basic types of metal Lellows, RBrief descriptions
are given of the parsmeters.

36.
~ Borik, F., and Alers, G. A., "Neasurement of the Klastic Properties of
Rolled Sheet”, Metsllurgical Soc. of ADE, Transactions, 233 (1), Januvary

1965, pp 7"110

° This article describes a simple measurement technigue to ottain the nine
elemants of the elastic modulus tensor from which all the elastic proper- .
ties can be deduced. Variation of Young's modulus and the rigidity sodulus

. in the principal planes of ausformed steel sheet is discussed.
’ -
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iLBotoaan, R. A., and Sorensen, A, E., "BElectroforming Large Diaphragms”,
Paper for presentation at the Space Power and Propulsion Symposium,
Philadelphia, ‘June 3-5, 1963. ' .

\

The successful use of vacuum-formed plastic molds as mandrels for electro-
forming of large parts has not been previously reported. Three advantages .
are associeted witt the manufacturing process: (1) the wood molds required )
for the manufacture of the mandrels are inexpensive and may be quickly made
by any pattern shop, (2) the plastic mandrels are inexpensive and may be
produced at & high rate, and (3) three-dimensional objects having back
angles may be manufactured in one pieze.

' Boyd, W. K., and White, E. L., "Compatibhility of Rocket Propellants With
Materials of Construction", Battelle Memorial Institute IMIC Memorandum 65,
Septenber 15, 1960. -

PRI

This report summarizes the available information on the compatibility of

: liguid rocket propellants with prominent materials of construction. Compati-

: bility data for meterials not crdinarily covared by the Defense Metals Informa-

. tion Center are included. These deta were found during the search for in-

formation on materisls that are within the scope of the IMIC, and are included

. for convenience. Fuels and oxidizers of current interest are discussed. o
The corrosion data which are presented apply to storing, handling, and con-
trol equipment cutside of missiles and to missile components up to the
combustion chamder. The compatibility of meteriasls with reaction products ‘
in combustion ctambers, nozzles, etc., has not been conaidered.

[ N TR N LT

22 >
Boyd, W. K., Berry, W. E., and White, E. L., "Coumpatibility of Materials
With Rocket Propellants and Oxidizers", Battelle Memorial Institute IMIC
Memorandum 201, January 29, 1965.

This memorandum summerizes compatibility ‘data on ammonia, boron-fuels,
halogen oxidizers, hydrazines, hydrogen, hydrogen peroxide, methylene _
chloride, hitric acids, neou, oxygen ozore and sclid propellants. ~a

L.

" Broabacher, W. G., and Lashof, T. W., "Bibliography and Index on Dynamic
Pressure Measurements”, Natl. Bur. of Standards Circ. 558, February 1%, 1955.

This bibliography and index is one of a series of reports intended to sum-
marize the state of the art in various areas of the field of instrumentation.
The circular contains 850 items on Gynamic pressure measurement and related
subjects such as static pressure measurement and general infoarmation on the °
componerte of instruments. An index of the biblivgraphy by both subject

and author 1is included.
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Brombacher, W. G., "Bidliography and Index on Vacuum and Low Pressure .
Measurement”. Natl, Bur. of Standards Monograph 35 » November 10, 1961, ‘

This bibliography and index on vacuum and low preuure was prepared Cor
scientists, engineers, and others. The bibliography contains 1538 refer-
ences, of which 52 are on books. About 550 of the periodical references
are specifically on rressure measurement, including both vacuum gages
and micromanometers. 'The balance are on vacuum technelow, inzluding
adsorption, degassing, vacuum pumps, controlied gas leaks, velves, seals
and vacuum systems, all of which bear on the technique of vacuum measure-

ment. The indices consist of an author index and an index of the subject
matter of the listed references.

Brombacher, W. G., Goerke, V. H., and Cordero, F., "Sensitive Aneroicl
Diaphragm Capsule With No Deflection Above a Selected Pressure’ , J. of
Res., Natl. Bur. of Stendards, 2L, January, 1540, pp 31-32.

A sensitive diaphragm cepsule has been designed in which the two corrvgsted
diapharagms nest into each other at external air pressures above a desired
value. Evacuated capsules of this type have particular application in
measuring pregsure with radio sondes of the Diamond-Hinman-Dunmore type,
where the deflection of the contact arm is fixed. At the ground level

the diaphragms are designed to nest into each other and dsflection does not
begin until the air pressure is reduced to the value called the cut-off
pressure. Several elements of two capsules each were comstructed with a
cut-off pressure of 140 millibars. When installed in a radio zonde in
Place of the usual type, which is responsive over the entire range of
pressures, a sevenfold increase in sensitivity in pressure measurement

was obtained at altitudes ebove 46,000 f£t.

Brombacher, W. G., "Some Problems in the Precise Measurement of Pressure”,
Inst>uments, 22, April 1949, pp 355-358.

Bngineering and scientific literature reveals a steady stream of articles

on new or improved instruments for measuring pressure. Broadly speaking,
this field may be held to include both indicating and recording instruments,
remote indicating instruments, pressure regulators and controllers. Mea-
sureaents may be made dynamically or statically. Only indicating instruments
primarily for static use are discussed in this article, although the dis-

cus .ion may have application to other fields.

Brower, D. F., "What You Can Do With Magnetic Pulse Forming™, Metal Prog.,
81 (%), April 1965, pp 79-83. .

Magnetic pulse forming is used in many assenmbly operations in the aut;onotive,

aircraft, and aerospace, electrical and process industries. Typical ap-
plications include joining of power transmission torque tubes to end fittings,
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"shrink" fitting of difficult assssblies, and ths compression of mtm
rotating bands onto artillery snells.

Brown, W. F., Jr., ard Theapsoa, F. C., strewh and Fallure Cmteé- '
istics o%sxetal Mezbranes in Cirevlar Bulgizg", ASME Trazns., T1, 1943,
PP 5755

Circular hydraulic bulg2s were formed frou & group of naterials having
widely varying strain-hardening rates, Ths cosgpliete development of the
shapes and strain distridbutions was datermined experimentally, and the
stress and radius of curvature at the pole were calculated as a function
of the maximw strals, An analysis of the data revealed that strain
gradients and, therefore, the bulge haights were influsnced by the stress-
strain characteristics of the metal., It was also found that the bulge con-
tour ¥as clogely approximated by a sphere only at strains in the vieinity’
of the inatabiiity strain. Instability was exhibited by all materials having
a sufficicnt ductility at strains varying from ¢ = -0.47 for’ annuled 7075
aluminum to ¢ = -0.64 for annealed low-carbon steel.

~ Brown, W. F., Jr., and Bnehs, G., "Strength and Failure Characteristics
of Thin Circular Mesbranes”, ASME Trans., 70, April 1948, pp 2k1-251.

The problem treated in this paper concerns the deformation and failure
characteristics of thin circular metal msmbranes. The instability phenomena
encountered in the deformation of such shapes is analyzed in terms of

strain distribution and also by previously developed equations relating

the stress-strain and radius-strain functions. The paper also dsvelops the
fact that the circular bulge test appears particularly suitable for dster-
mining basic stress-strain relations to mucn higher strain values than are
obtainable by conventional methods. .

L
~"s

M.

Budiansky, B., and Redkowski, P. P., ”iuarical sis of Unsymmetrical
Bending of Shells of Revolution” s ATAA Journal, 1 (8), Auguet 1963,
pp 1833-1842, :

A general numerical procedurs, based on the linear theory of Senders, is
developed for the elastic stress.and deflecticn analysis of a shell of
revolution subjected to arbitrary loads and temperatures. The shell may
have variable and discontinuous, but axisymeetric, geometrical and mechanical
properties. The procedure involves the expansion of all pertinent loed,
stress, and deformation varisbles into Fourier series in the circumferential
direction; the individual Pourier compcnents of streas and deflection ‘then
are found separately by matrix solution of the tinite-difference forms

of sppropriate differential equations in the meridional coordimate.
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~ Bulgekov, V. K., Btutics of Toroidal ahon-, Kiev. M imk !m'BBB, 19&,
(In Russian).

This is an extensive nonosuph on the analysis of tdroim shells. A!‘ter ..
the development of tba theory of shells of rotution and of toroidal: thellt,
the author discusses numerical methods of solving the problems. The-two.« *
methcds discussed are the Runge-Kutta integration and the finite difference
aipproach. Tables of influence coefficients for torus shells are presented

and a number of examples are calculated.

Bulgakov, V. K., Applicstion of Furerical Methods to the Calculation of a
Toroidal Shell”, ‘Trudy Koof. po Tearii Plastin 1 Gbolochek, maa'
1960, pp 4-U45 (1n Ruuun)

This is one of the earliest Russian papers on the mmarical solution of
toroidal shells. Both Runge-Bitta integration and finite-diffaerence approaches
are discussed. No numerical results are given but the author states that

two torcidal shells were solved by the Runge-Kutts approach on the computing
machine, "Strelia", which coincided with the solutions given by Clark.

Bulgakov, V. N., "Calculation of Torus-Shaped Bellows for Axial Load and
Irternal Pressure”, St. Trudoy La. Gidravl. Mash., Kiev, Izd. AN UkSR (9)
1961, pp 94-102. (In Russian)

A cmputer progran had been written earlicr for the calculation of stresses
in shells of revclution using the finite difference approsch. 'This program
was used to calculate stresses in seven ocmega joint bellows.

51.

Bulgakov, V. X., and nrpenko, I. V., "Mumerical Solutions of a Homogeneous
Equation of a Taroidal Shell”, Sb. Trudov Lab. Gidravl. Mash., Kiev, AN UkS&R

(9): 1961, pp 89-93 (1n Ru”m)

Thie paper discusses the application of the Runge-Kutta technique to tne
numerical mtesnum of the equations for & general shell of revolution.
A computer program written for the Russian machine "Strella” was used

to solve two toroidal shell m'oblul and the results are compared with
Clark's analytical solutions.

Bulgakov, V. x. » "A Toroidsl Shell Under the Effect of Centrifugal Forces”,
Prikl. Mekh., 3 (2), 1957 (in Ukranian).

This paper desals with an examination of the calculaticn of a repidly rotating
toroidal shell filled with a fluid. V. Novozhilov's complex theary of thin

15
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shells is utilized. The principal equation is daduced for the toroidsl
shell at a given loading. The solution of the homogeneous equation.is: .+
given in the form proposed by Zenéva - Novozhilov. The partial sclution -

of the nonhomogeneous equation is found by the methad of variation of
arbitrary constants. The special functions entering.into the solution ave-

tabulated. The effect of boundary conditions upon the stresses:in the
toroidal shell is considered.

3. .
Burry, P. E., "The use of a Nonuniform Disphragm for the Reduction of
Acceleration Errors in a Pressure Transducer”, Tech. Mem> No. T.D. 37,
Royal Aircraft Establishment, Farnbarough, September 1958 (AD 207266).

Seversl types of pressure transducers now available or under dsvelopment

use integrally machined diaphragms. It is shown that by reducing the thick-
nesg of the outer portion of the disphragm and increasing that of the central
portion, a reduced sensitivity to acceleration may be obtained while retain-
ing the original pressure sensitivity.

. ;
Campbell, J. E., "Review of Current Data on the Tensile Properties of Metals
at Very Low Temperatures", Battelle Memorial Institute IMIC Rept. 148,
February 14, 1961. .

P AISETLPCT IR IT0 W

aall

In reviewing the current data on the tensile properties of metals to liquid-

hydrogen temperature (-423 F), some results may be sumsarized as follows: .
(1) face-centered cubic metals, scme ccbalt alloys, some magnesium alloys,

scme titanium alloys, tantalum, and zirconium tend to retain considaradle

ductility at very low temperatures; (2) to minimize brittle fracture tendencies

at very low temperatures, spscial precautions should be taken in design and
fabrication to avoid stress concentrations in equipment for low-temperature

use, and (3) qualification of w2lding or joining techniques for equipment to

be uced at very low temperatures can be accomplished only by testing appropriate

specimens at the service temperatures. Specific recommendations are given for
a variety of metals.

.Cardullo, M. W., "Metal Expulsion Diaphragm Development for Spherical Pro-
pellant Tax)xks", Minneapclis-Honeywell Aeronautical Divn., December 12, 1952
(N63-19991) . :

: This report describes the design and development of an 18-inch meta) expulsion
t diaphragm for spherical prop:llant tanks. Ten of the coavoluted disphragms

were tested with water. Units evaluated were of 0.010 and 0.015 inch thick- °
ness. Tests conducted on both sizes indicated that over 90 percent of the
volume above the diaphragm would he expelled with a differential pressure
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of less than-4 psi, Eowever, expniuog ogficieq&y_over 98 perce!m;'x-qq\_gg.’dH

upvard. of 25 psi. .Results of this program indicate that the fabiicetien. -
method evolved would be applicable to a wide range of diaphragm sizes. .
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Carey, R., "Welded Dia Metal Bellows”, Electromschanical Cogpopents
and Systems Design, T (8), August 1963, pp 22-25. L

Weldsd-diaphraga metal bellows consiat of metal contours, called disphragms,
welded in series at the inside edge to form convolutions. A series of convo-
lutions are stacked and welded at the 0D to form a capsule. The fittings
are then attached to the cspsule to fam the Iinal sssesbly. A few typical
applications of welded-disphragm metal bellows together with the advantages
for each application ere described in the article.

7. )
LCarey, R. M., "Eight Applications far Metal Bsllows”, Prod. Eng., JJ (24),
Novesber 26, 1962, pp 58-55. ' , -

Brief descriptions are given of metal bellows used as precision couplings,
fluid accumulstors, shaft scals, and pressure actuators.

Carter, B. C., et al., "Meesuwrement of Surface Strains in Diaphragss”,
Wm’ -]_-;“i’ mcm 2’ 19‘9, pp 5&‘5830

In the employment of metal diaphragms in pressure gauges it is almost in-
varisbly the practice to measure the central deflection of the piste. This
method has good sensitivity with moderste pressures, up to, say, 100 1b per

8q in. As the maximm pressure is increased, however, the plate thickness
nceds to be greater in relation to the disneter and the maximum deflection
decreases unless the dismster is increased sufficiently. The permissible ...
dismeter being limited, special methods are described for use at high pressures
to measure deflections with sufficient accuracy to obtain pressure measure-
ments correct to within il percent.

Z&Caucci, S. X., and Picollder, G., *A Study of the Bending of Constant-
Thickness Toroidal Shells Under Axisyimetrical Losding™, Houille Blanche

(17), pp 14-38, January, February, 1962 (in French).
The analytical study of the axisymmetrical bending of toroidsl shells is

alveys highly complex, even 1f only small elastic strains are considered.
For certain losding cases, spproximate analytical solutiocns cen be found in

17
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the form of a linear cambination of two Hankel Dinctions of

order 1/3. The
particular solutions for other loading cases are either expressed by mesns
of a Fourier series, the coefficients of which are calculated by means of"
continuous fractions (V. V. Novoshilov), or by cosbining simple functions and

a Lomsel function (R. A. Clark). In the method described, the basic egua-
tions are transformed into a Fredholm integral equation system, anmalytical
solutions of which can be cbtaired with the aid of asymptotic expressions.
The authors restrict themselves to an exsmination of a numerical solution,
vhich is applied to the calculation of stresses and strains in a toroidal
bellows element undergoing axial loading.

&.

Cassidy, L. M., and McGrattan, R. J., "Computer Techniques for Stress Anaiysis
of Reactor Vaesels", Rucl. Congress Paper No. 57, 196e.

The authors attempt, in this paper, to demonstrate the facility with which
certain stress analysis problems associated with reactor pressure vessels can
be solved through the use of nigh-speed zomputers. Some of the soluti-ns
and methods outlin=d have been previously presented and are further dis-
cussed; others are believed unique to the authors. The analyses presented
have been programmed for the IBM 704 digital computer. .

61.
Chapman, M., and Kirk, C. R., "A Survey of Some Fast-Responding Pressure
Transducers”, Royal Aircraft Establishment, Farnborough, Eangland, I.R. 15,
November 1952 (AD %410886).

Descriptions are given of various typss of transducers, incluling scae
vwhich use the aovement of diaphragms to vary the electrical resistance be-
twaen electrodas.

6.
_C‘a_andler, W. L., "Bellows in the R=frigeration Industry”, Refrigerating Eng.,
42, Part I, pp 297-299, November 1941; Part II, pp 381-387, December 194l.

Brief design farmulas are given for determining the spring rate, pressure
resistance, and effective area of a bellows. The use of two-ply bellows
and the estimate of fatigue life are discussed briefly.

63.
’}'Chernina, V. 5., "Calculation of a Tubular Compensator for Extension and
Bending", Energomsshinostrosnie, 8, 1959 (in Russian).

The asymptotic solution for toroidal shells given by V. V. Fovozhilorv is
used to calculate the stresses in an omega joint under axial tension and
bending of the atteched pipe, and th= results are compared with experimental
data,

18
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Chernm V. 8., cdcmtion of Toroidal’ Mh s X&V. AN m, G!l;zﬁi&*"
1 Mash., 4, pp 116-123, 1961 {in Russian).” - Fegnria
. The author obtainl series silutions for two shell prcdlems. involving-torgidal
shells of unusial shapes. The first protilem involves &-torus for which:the
torus radius is larger than the distance from thé :xic of revolution:tosthe
. center of the torus so that the shell intersects the axis of revolution:
The second problem is concerned with the cther extreme for vhich the torus

radius iz sazll and the distance from the axis to the center of the torus
is very lqrae.

v

&. ‘
Chernina, V. S., "On the System of Differential Equations of Equilibrimm of

Shells of Revolution Under Bending Loads”, Prikl. Mst. Mekh., 23, pp 258-265,
1959 (translatiom).

Waen the nonaxisymmetric loads of a shell of revolution are represented in . -
terss of a Fourier series in the circumferéntial angle, the differential -
equations can be reduced to an eighth order system of a'd.insry differéntial
equations. This paper. shows how this system can be partially integrated to
obtainafmrthordu qatuiftbelouds&pndmmthc unecosine

of the angle. .

" Chernina, V. S., “The Stressed State of & 1al Type of Convoluted Bellows”,
Energomashinostroienie, 7, 1961 (in Russisn).

The uy-ptotic sohtt:lon for the deformation of a toroidel shell is used to
calculate stresses in a semitoroidsl bellows, snd the results are. equ'cd
with some experimental measurements on one bellows.

6 -
-I'Chernim, V. 8., "The Stressed State of a Taroidal Shell of Medium ﬂ:ickness ’
Izv. AN 888R, OPN, Mekh. i Mash., 3, pp 96-10%, 1959 (4n Russian).

This paper coasiders the deformation of toroidal shells of medium thichen,

by expanding the shell equations in powers of the ratio of thickness to local
curnmre in the menner of Beissner. The curves are given comparing the
stresses obtained by the linsar theory of thin shells and a theory including
second-order thickness corrections.

19
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T Chernina, V. 8., "The Stressed Btate of = Tubular Compensator Operating . ~— ~
Under Bending Conftions”, Inzh. sb., 22, 1955, pp 133~149° (in Russiza).:

This paper considerz a taroflel bellows under bending losds. The -sclution *
is obtwined using the axysptotic theory of Ncvozhilov. Calaulations are
mada Ter one toroidal bellows and compared with same experimental dats,,

Clsernina, K. F., "On “he Membrane Theory of Shells”, In Investigetions on
Fiesticity and Plusticity, Fo. 3, Deningrsd thiv., 19&',—32%” E‘(:F‘R‘"n ugsian).

The author of this paper attexpis to davelop criteris for detemi;xins vhey
the meshrane theary of shells is applicable. Some exagplies are discussed.

T0. .

T Cheraykt, K. F., The iinesr Tneory of Snsils, ¥I, Leningrad State Univ., 1962
(in Ruseian).

This is the second of twe vnlwwees ox the livear theory of shells. In addi-
tion to a diccussion of meny aspects of shell theary, this volume includes
a’discussion of the toroldal shell, torus-shaped bellsws, and semitoroidal

belloss. A solution i3 obtained for these shells using Novezhilov's asymp- o
totic approach.,

.
Chernykh, X. F., and Shasina, V. A., "Calculetion of Toroidal Shells, I,

xnn-t%um on Elasticity end Plasticity, Z, . (3) of the Leningrad
iv., s PP - in Russisn).

This is an extensive survey article on the state of the art of the theory of
toroidal shells through 1962. Many of the landmark theories for toroidsl
shells are presented and discussed, incluiing Stange's, Dahl's, Clark’e, ani
Novozhilov's. A number of the papers on form=d bellows of vericus types are
discussed. The references are a valuable cross section of the Russian litera-

ture in the field through 1962. Some use of numerical spproaches by Bulgakov
in Russie :la. noted. .

T2.

~Ch1', &= Bvan, "Bibliography and Tabulation of Dexping Properties of Nomwmetsllic
Mater.als", Univ. of Minnesota, WADD-TR-60-540, Septesber 196C.

This bibliography was compiled as an aid for those people interested in
dsmping research and related fields. It contains a nearly complete list of T
references on the damping properties of nonmetallic materials for the period

from 1929 to 1959, together with an index of nowmenclature, units, and test
methods. Tabulations of the in-phase and out-of-phase cosponants of Young's
modulus and the shear modulus for the various materials are also shcwn.
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Pressure”, Izv. Vuish Uchebn. Zaved. Mash., 3, 1964, pp 35-46 (in Runun)

Chizhcv, V. F., "Stability of Cmted Cylindrical Shells Losded

This paper considers the duckling of bellows under sxternal prelm. - nze
approach used 'is to consider the bellows as a cylindrical shell with reduced
effective rigidity equal to that of the bellows. The effective risidity is
calculated from the corrugation shape using epergy methods. Buckling loads
for a numbsr of bellows were calculated and compared with experiments. nn«‘

experimental critical locads were from €0 to 90 percent of the calculated -
loads.

L}
~

CJArk, R. A., "Asymptotic Integration in Shell Theary With Applicnt:lons to
Toroidal-Shell Expansion Joints", Coatract No. DA-33-019-CRD-1996, October
15, 1955, through October 14, 1956, .

A method of asynptotic intemtion of & nonhomogeneous differential equition
containing a large parameter, developed in 2 previous report, is spplied

to the differential equations of the theory of thin elastic shells aof revolu-
tion. A particular problem of a toroidal-shell expansion joint subject to
an axial lcad is considered., DBased on the assumption that s certain parameter
is large, explicit expressions for the maximum bending stress, msximm direct
stress, and axial deflection are cbtained for a shell of arbitrary rsdia.l
cross section and varying thickness.

Clark, R. A., "Asymptotic Solutions of Toroidal Shell Problems”, Quart. Appl.
Math., 16, April 1958, pp 47-59.

A fev years ago a method of asymptotic integration was develop-d by E.
Reisgsner and the author for s nonhomogeneous differential equs..on involved
in certain problems of the theory of thin elsstic torcidal shells. Using
this method, solutions were found for the problea of bending in a curved
tube (considered as a sector of a shell of revolution) and for the mathe-
matically similar problem of a toroidal expansion joint subject to an axisl
force. The purpose of this paper is to indicate how the method used befare
can be refined and how the approximate solutions prreviously obtained for
these prodlems can be generalized and extended. Higher-order terms or cor-
rections of twvo different types are cbtained for toroidal shells of circular
cross section and unifcrm thickness. Scme of the results are found by
specializing solutions derived first for toroidal shells of srbitrary

cross section and possibly varying. thicknese, assuming only that the shell
hu a plane of symmetry perpendicular to the axis of revolution.

Chrk, R. A., and Reissner, E., "Deformations and Stresses in Bourdon
Tubes”, J. Appl. Phys., 21, December 1950, pp 13%0-13k1.

The state of stress and deformation in the tube may be considered ss a
suyperposition of two states: (1) stresses and deformations in a complete




- revolution. State 2 1s treated in the same mamner after introdustion, imto et

8.

9.

torus subject to wall pressure; (2) stresses and deformations in an inacui--
plete torus acted upon by bending moments at the ends. Btite 1. 13 trptm
as & problem in the theory of axisymmetrical deformations of thin shells of e

the theory of a nonaxisymmetrical cw of circ\-fmutm duphcu'nt

i Tue ne

90

Clark, R. A., "On the Theory of Thin Elastic Toroidal Suells", J. lhth.
Pnys., 29, October 1950, pp 146-178. ,
In this paper, toroidal or ring sh=ll problems are considered from the point
of view of the small deflection theory of thin shells of revolution loadsd
symeetrically with respect to their axis. BSolutions of such problems are
found by applying methods cf uy-ptoeic integration of a differential equa-~
tion involving a large parameter multiplied by a function which vanishes at
certain points. As examples of the genersl procedure developed the particular
problieas of an "Omege” piping expansion joint subject to axial iosd and of

a corrugated pipe subject to axial load or internal pressure are solved. .

In particular, explicit farmulas are given for the maximax stresses ;nd
displacements in terms of the dimensions of the shells.

Clark, R. A., and Reissner, E., "A Problem of Finite Bending of Toroidsl
Shells”, Quart. Appl. Math., 10, January, 1952, pp 321-33k.

This psper is concerned with a nonlinear problem involving finite axi-
symmetrical deflections of toroidal shells with circular cross sectiom. The
problem is that of an expansion joint for two straight sections of & cylin-
drical shell loeded in an axial direction. Tne particular kind of expxzsicm
joint investigated is generslly called an "QOmega” joint.

Clark, R. A., Gilray, T. I., and Reissner, E., "Stresses and Deformations of
Toroidal Shells of Elliptical Cross Sectiom”, J. Appl. Mech., 19, March
1952, pp 37-k8. .

This peper 1s concerned with the application of the theory of thin shells to
several prodlems for toroidal shells with elliptical croes section. These
problems are as follows: (a) closed shell subjected to uniform normal well
pressure, (b) open shell subjectéd to end bonding moments, (c) combination

of the results for the first and second problems in ‘such & way as to ocbtain
results for the stresses and deformations in Bourdon tubes. In all tiree
problems the distribution of stresses is axially symmetric but only in the
first problem ave the displacements axinlly symsetiric. The magnituds of
stresses and deformationc for given loads d=pends in all three probvlems o2 the
nagnituds of twvo parameters.
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Coen, G. A., "Computer Analysis of Asymmetrical Deformation of Orthotropie
Snells of Revolution™, ATAA J., 2 (5), May 196k, pp 932-93k.

Finite.difference methods of digital computer solution of the field aquations
for elastic shells of revolution have been described previously for iso-— -
tropic shells subject to sinusoidal loeds and for orthotropic shells sud-
Ject to axisymmetric losds. In the present paper the method of forward inte-
gration is daveloped for the more general case of crthotropic shells sub-
Ject to sinusoidal loads.

81.
T AC um of tle Prcﬁrtiel of Materials at Low %tm 5m 1[,
> operties of Fluids", " Tech. . , matl. e O
Standards Cryogenic Eng. Leb., July 1960.
This first phase of the Compendium covers ten properties of 10 fluids (Part

1), three propertiss of solids (Part 2), and an extensive bibliograpuy of
references (Part 3). Density, expansivity, thermal conductivity, specific
heat and enthalpy, transition heats, phase equilibris, dieleciric comstiantis,
adsorption, and surface tension and viscosity for the solid, liquid and gas
ptases of helium, hydrogen, and neon, nitrogen, oxygen, air, carbon monoxide,
fluorine, argon, and methane sre given vherever adequate data could be collectad.
Thermal expansion, thermal conductivity, and specific heat &nd entbhalpy are
given for a number of solids of interest in cryogenic engineering. Datsa
sheets, primarily in graphic form, are Iresented fram "best values” of data
collected. The source of the material used, other references and tables nf
selected values with appropriste comments are furnished with each dsta sheet
to document the data presented. Conversion tables and other helpful informe-
tioca are also included. °’ )

&2. .
= Cook, W. P., "Stresses in Sesl Welds", Knolls Atomic Power Lab. Rept. No.
KAPL-M-WFC-1, July 20, 1957.

The solution for stresses induced in seal velds by displstements axd pres:xxr'e
forces is shown. The resulcs are in the fcra of cucven Ioem vaich strecses
By be calculated.

Cooper, R. M., and Shifrin, G. A., "An Experiment on Circular Platee ir the
Plastic Range”, Proc. of the Second U. S. Natl. Congress for Applied chanics,

ADB, 1954, pp 527-534.

Mine simply supported mild-steel circular nlates were 1lcaded well into

the plastic renge under concentric, wniforaly distributed loads. Diflaction,
strain and slope data ware cbtained as functions of ioai. Compacrisca is
made with the predicted limit losds o Hopkins ard Prizar.
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" Cope, E. T., and Wert, E. A,, "Load-Deflection Relations for Large Flsin,
Corrugated, and Creased Pipe Pends", Trans. of AGME, PSP-5k-12,°195k..

This paper presents the results of tests made on 10-in. and lk-in. seamless
steel pipe loaded in the same manner as the. simple.cases sho'm on pages 526 |
to 529, "Piping Handbook", by Walker and Crocker. Comparisoa-is made betyveen
calculated deflections and the results of tests in the six cases for a plain
pive bend. The relation between the results-of tests on corrugsted and creased 1
pipe bends and the calculated results for plain pipe bends of-the same dimen-
simsare shown. Such calculations are included as are necessary to show-the
method of anslysis by which the load-deflection relations of a plain quarter-
bend and its tangents are determined,

8

Cardero, F., et al., "A Nonlinear Instrument Diaphragm", J. of Research,
¥atl. Bur. of Standards, 58 (6), June 1957, pp 333-337.

Details cof fabrication for the production of sensitive diaphragms having a
centralled noniinear pressure-deflection characteristic are presented. The
desired characteristic was such that when the diaphragm formed one plate of
2 condenser in the frequency-controlling network of a Wien-bridge oscillator,
the resulting pressure-frequency transfer characteristic would be linear be-

tween -30 snd +30 dynes per square centimeter. Typical transfer curves are
shﬁwrﬁo

6.

“Crites, B. A., "For Stress Analysis - Brittle-Coating Methods", Pfod. Eng.,
3 (haS , November 27, 1961, pp 63-T2.

Ssoond in a series on stress-analysis techniques, this article describes how
tc select costings, prepare and analyze crack patterns, and discusses a new
micro technique.

.Critea, N. A., “Your Guide to Today's Strain Gages", Prod. Eng., 33 (%),
F‘brwy 19, lﬂ, ” 69"810 . cn

Tiird in & series on stress-analysis techniques, this article discusses
the populsr types and methods for installation and protection.

88,

~orises, N. A., Grover, H, J., and Hunter, A, R., " imental Stress Anal-
ysis b36r9 Photoelastic Techniques”, Prod. Eng., 33 (18), September 3, 1962,
pp 57-69.

Fifth in & series on stress-analysis techniques, this article gives informa-
tion on equipment, materials, model calibrations, and stress interpretations.

2l
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. tion. This article presents a review of the factars that influence their
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Cumming, E. P., "Thirteen Ways to Use Metallic -Bellows", Prod. Enz., 23.
(6), June 1952, pp 162-163.

Sketches show typical and unique applicatioxis of metal bellowo ; aud vJays _éf
traneferring motion to other elements. ‘

Cushing, F. S., Chreitzberg, A. M., "Research and Development on Cells With
Bellows Controlled Electrolyte Levels”, Electric Storage Battery Co. First
Quart. Kept., June 10 to September 10, 1964 (W6l-33918).

Preliminary CA/KOH/N1OOH cell tests have verified that bellows action in a
sealed cell can be used to flood the plates under low pressure conditioas

to maximize discharge capacity and to drain the plates under high pressure
overcharge conditions to aid in gas reccebination. Metallic and nonmetallic
bellows were considered. Plastic pillows, partially inflated with air,

and sealed within the cell, are proposed as bellows substitutes. The pillow
AV/V value is approximately twice the present metallic bellows volume
efficiency.

Dahl, N, C., "Toroidal-Shell Expansion Joints", J. Appl. Mech., 20, (4),
December 1953, pp 497-503.

In th2 problem considered in this paper a thin toroidal shell of center-
line radius o and torus midsurface radius b, slit at its inner edge ani
welded to relatively stiff cylindrical pipe sections to form an expansion
joint. Stresses and axial deformation under the axisl load P are calculated.
A solution is cbtained using the principle of minimum complementary strain
energy. It is found that the results obtained in this way are valid as long
as p is not too large. This solution is plotted together with the asymptotic
solution obtained by Clark to show in what regions of p the solutions over-
lap, and both solutions are compared with experimentally d=termined stresses
and deformations.

&mniels, C. M. "Dehsnins for Dust Flexibility With Bellows Joints", Machine
Design, 31 (21$ , October 1959, pp 146-155.

In ducting systems, bellowsz offer flexibility to absord thermal expansion
and contraction, installation misalignment, structure deflection, znd vibra-

selection &and application. It is based upon the design of aircraft and

missile fuel systems where ducts run the gamut of extreme temperatures, pres-
sure, and flow velocity.

(5]
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2.

Daniels, C. M., "Pressure Losses in Fisxible Metal Tubing", Prod. Eng.,
April 1956, pp 223, 225, 227. s o

Friction coefficients and pressure loss data are given for corrugated flexible
hog; of annular and helical types at high flow rates (Reynolds Fumber 2:x
109). ' '

Daniels, C. M., and Fenton, R. E., "Pressure Loss Factars for Internally
Linked Bellows Joints", Machine Design, 33 (19), September 1k, 1961, pp 187-189.

This article presents experimentally determined loss factors for fluid flow

in two types of internally linked bellows joints: the chain-link type, and
the gimbal-ring type. -

Danilova, I. N., "Calculation of Toroidal Bellows Under the Effect of Axial
Tensile Strength During Creep of the Materisl", Izv. Akad. Neuk SS3R, OTR,
10, 1958 (in Russian).

This p.aper considers an amega joint undergoing creep under axial loading.
A method of solution is sketched for an exponential creep law.

DeCrescente, M., and Janz, G. J., "Brass Bellows Gauge for Null-Reading
Manometers”, Rev. Sci. Instr., 28 (6), p 468, June 1957.

This note desscribes a mechanical gauge made from commercially available
ccmponents and requiring a minimum of machining and glass blowing. The
gauge is capable of accuracy at room and elevated temperatures comparable
to that of the mercury manometer-cathetometer assembly.

Delmonte, J., "A Versatile Miniature Flush-Diaphragm Pressure Transducer",
I& PJ.'OQ., 1, pp 17&’1’”, 1”20

A variable-resistance, unbonded strain-gage type of electrical pressure gege
is described that is basically l/2-:lnch in diameter by 5/8-1nch in thickness,
and weighs about 20 grams. The gage was designed to measure pressure
fluctuating at high frequencies as well as measuring steady-state pressures
with errors of less than one percent of full scale. The gage has been tem-.
perature ccapensated over the range of plus 165 deg. to ainus 65 deg. ¥, and
its cutput is convenient to drive recording galvanometers directly.

26
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98.

~— Denetf, G. V., "Fatigue Prediction Study”, mm-’mcﬂﬁ:'-‘(!o. :‘na‘pa:-ew -
WADD TR 61-153, January, 1962.

-

Fatigue 1iZe prediction of complex structure 10 1mttw frc- the tund-
point of fundamental factors that influence the prediction; namely, stress,
fatigue strength, and damage method. Stresses developed by a general stress-
. analysis procedure are combined with appropriate fatigue-strength data to
estimate the fatigus strength of a structural joint. Factors influenzing
the joint fatigue strength under spectrum conditions are analyzed and s c
method of estimating this fatigue strength is presented. Damage, methods uti-
lizing several types of fatigue-strength data are considered. The influence

of geometric factors on the fatigue strength of basic materisl is also studied
and prea-nted in a normalized form.

2. ckinson, T. A., "Prcblem: To Make These Bellows" Welding Eng., 39 (10),
vp U7-53, October 1954.

A brief description 1s given of resistance-welding equipaent developéd for
making thin, stainless steel bellows.

100.

‘_'Dolsinov, L. 8., "Calculation of Steam Pipes WithL Convoluted Bellows Without
. Tie Rods"”, Sudostroyeniye, k. 1959 (in Russian).

This paver comsiders the use of bellows as motion compensators in a piping
syxtem with offset pipes. A method is given for considering bellows without
tie rods. This permits considering any part of the steaa line taking into
account the flexibility of the bellows both in axial comprassion and in
bending. A successive-approximation technique is used to obtain the solu-
tion for a given problem. One numerical example is given.

101.

L. B., "How to Avoid (Corrugated) Metal-Hose Failure", Prod. Eng.,
R (30), pp 43-48, July 25, 1960.

Metal hose in high-pressure, high-temperature, flexing applications can
last a hundred years - or fail in minutes. The author discusses causes of
failure, and tells how to overcome them.

102,

— “Doanell, L. H., "The Flexioility of Corrugated Pipes Under Longitudinal
. Fo-ces and Bending", ASME Trans., Sll» Pp 69-75, 1932.

Pipes with circumferentisl corrugations are used in expansion bends in steam
lines and in other applications where longitudinal or bending flexibility




1s required. In this paper the longitudinal flexibility is-calculsted for. -~
several types of corrugstions, and from this a "reduced modulus -of -elasticity”

is derived by which corrugated pipes can be calculated as ‘12 they were smooth.
A set of experiments is described which check, these results. . .

103 ' '
Douglas Aircraft Co., Missile and Space Systems Division, Test Rept.,
"Bellows, Duct, Ocidizer Tank Vent Qualification”, Jamuary 2i, 1964 (AD %h3333).

Tests of & 3-3/k-inch-diameter bellovs included compression spring. rate,
proot pressure (Ll psig), leak (bubble) deflection-pressure {44 psig.at -300
F), life cycling (50 deflections), pressure cycling (200 cycles 0-29 psig),
and burst.

104, . .
Douglas Aircraft Co., Test Rept., "Qualification, Bellows, Fuel Tank Vent -
Extern&l", mceﬁer 9, lﬂ, IIEP 115056.@0(”’”{'09. °

Tests of a 6-inch-diameter bellows included proof preuure. (64 psig),
leakage (bubble), spring rate, pressure cycling (200 cycles), ambient
deﬂ;ction cyeling (50 cycles), life cycling (200 cycles), and burst (1900
psig).

&

) Douglas Aircraft Co., Test Rept., "Qualification, Bellws, Tie, Fuel Tank
Vent", December 9, 1964, IDEP 115.56.69.00.D7-08.

Tests of a k-inch-diaxeter bellows includad proof pressurs (47 psig),
leakage (bubble), spring rate, pressure cycling (200 cycles), ambient
deflection cycling (50 cycless, cold defiection cycling (150 cycles at =37k
F), life cycling (2000 cycles), and burst (1500 veig).

106.

Douglas Aircraft Co., Missile and Space Systema Diva., Test Rept., "Qualifi-
cation, Bellows, Duct, Oxidizer Tank Vent”, Decesber 3, 1964, ITRP 115.56.69.C0-T7-07.

Tests of a 5-inch-diameter bellows inciufed proof pressure {kls peig), leak-
age (bubble), spring rate, pressure cycling (200 cycles), deflection cycling
(50 cycles), cold deflection cycling (150 cycles at -300 ¥), life cyoling
(200 cycless , and burst (525 psig).

28
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2k uglas Atrcratt Co., Missile and Space Systems Divn., Test.Rept., "QUalifis
cation, Bellows, Propulsive Puel Vent", Septesber 15, 196h, INBP-115.56:69.
Tests, of a 6-ingch-diamster bellows included proof pressure (U6 psig), leskage
(bubble), spring rate, pressure cycling, deflection cycling (50 .cycles),.

cold deflection cycling (150 cycles at -350 F), and burst (1900.psig).. .

108.

: Douglas Aircraft Co., Missile and Space Systems Divn., Test Report, "Desigd-- -

Development, Positive Expuloion System, Auxiliary Propulsion Systeam",
Augllst 3’ lw‘», m 115.56.69-00-177- .

Tests of 6 welded bellows included leakage (bubble), deflection cycling {10
cycles), proof pressure (5 psig), vibration, life cycling (1000 cycles),
and spring rate.

109 :
Douglas Aircraft .Co. Test Rept., "Qualification, Bellows, LOX Tank Fill
& Drain Line, Fuel Tank", December 9, 1964, IIE>? Fo. 115.16.79.00-D7-02.

Teats of a 4:l/2-inch-dismeter bellows included proof pressure (160 psig),
leakage (bubble), spring rate, pressure cycling, (200 cycles), ambient deflec-
tion cycling (50 cycles), cold deflaction cycling (150 cycles), life éycling
(150 cycles), and burst (750 psig).

1l0.

Douglas Aircraft Co., Test Rept., "Qualification, Bellows, LOX Tank Fill &
m‘in Line”, Mm 9, lﬂ’ m '0.115.16.79.00-”-01.

Tests of a 5-1/2-inch-diameter bellows included proof pressure (215 psig),
leakage {bubble), mtng rate, pressure cycling (200 cycles), ambient deflec-
ticn cyeling (50 cycles), cold deflection cycling (150 cycles at -320 F),

life cycling, and burst (1900 psig).

111,
= Dougiss Aircraft Co., Test Rept., "Qualification, Bellows, LOX Tank Fill &
Drain Line", December 9, 1964, IDEP 115-16.69.00-177-0_3- -

Tests of a 4-1/2-inch-diameter bellows included proof pressure (110 psiz),
lgakage (bubble), spring rate, pressure cycling (200 cycles), asbient deflec-
tion cycling {50 cycles), cold daflection cycling (150 cycles at -320 F),
ii%e cycling {150 :;'clels, and burst (3000 psig), - ' ,
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Douglas Aircraft Co., Test Rept., "Bellows, Rydfogen Vent, Imtersl, Quali-
fication Test”, July 22, 195k (AD 4sh3k1), - SR .

Tests of a 6-inch bellows included proof pressure (17 psig), luny (bwble) R
spring rate, deflection cyeling (1000 cycles), pressure cycling’ (100C
cycles st -320 F), and durst.

13,
— Douglas Adircraft Co., Missile & Space Systems Divn., Test Rept., “Bellows
Assembly, Relief, Fuel Tank Qualification Test™, Jnly 1, 1064 (AD k53320)

Tests of a 1/2-inch-diameter bellows included spring rate, proof pressure
(64 psig), leakage (helium), deflection cycling (50 cycles), pressurc cycling
(0 - 42 psig, 200 cycles at 345 F), and burst pressure.

~ Douglas Aircraft Co., Missile & Space Systems Diwvn., Tech. Mewo., "Expansion
Joint, 052 Engine Vent, D/E", November 26, 1962 (AD 41686T).

A description is given of tests to evaluate two universal bellows expansion
joints for providing flexibility for an engine. The tests include proof pressure
(60 psig), leakage (bubble), pressure cycling (200 and 500 cycles to 15 psig),
deflection cyclirg (50 and 200 cycles), and surge (100 psig).

115.
Douglas Aircreft Co., Missiles & Space Systems Divn., Tech. Memo., "Oxidizer
Fi1l Line, Flexible Bellows", Noverber 11, 1962 (AD 501998)

The oxidizer fill line assembly transfers liquid oxygen from the ground
supply tank into the vehicle oxidizer tank. The system includes a flexible
metal bellows which is located within the vehicle oxidizer tank. Tests were
conducted to evaluate the bellows under similated service conditions. The .
tests included proof presswe (80 psig), leskage (bubble), pressure cycling
(0 to 49, 200 cycles), and deflection cycling (25 cycles at 49 psig).

116
= Douglas Aircraft Co., Missile & Space Systems Diwvn,, Test Rept., "Design
Evaluation/Qualification Test of Internal Metal Flexible Bellows", January
8 1%3’ m 115 16 69.00-17{-02.

Tests of a 3-inch-diameter bellows included proof pressure (80 psig, Ga) ,
leakage (5i psig, GH ), pressure cycling (200 cycles, O to 49 psig Lle

and deflection cycliBg (25 cycles, pressurized with I.le)

crm et — e e ——
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Douglas Afreratt Co., Nissile & Space Systeas Divn., Test Rept., "Quck. .. i
Disconnect, LE, Engine Vent Systea”, Octoter 29, 1962, IDEP 115, 56.69.09<D7-01.

Tests of two stzinless steel and ons aluminum bellows conducted. to enluate
the design of a disconnect assembly under flight conditiom m..ludei mins
rate, leakage (-250 ¥, 11 psig), disconnect (3 times, -250 F,. les:lg),
and vibration. )

18 '

Draper, C. S., "A Wew High-Performance Engine Indicator of the Strain-

Gage Type", J. Asron. 8eci., 16 (10), pp 593-610, Octcber 194%9. \
\

This paper describes a new pressure receiver using a high-flexibility catenary- 3
type diaphragm and a tempersture-compensating wire-wound strain gage d=2signed-
for satisfactory pressure-measuring characteristics with greatly reduced
response to temperature and extranecus mechanical effects.

119
Dressler, R. F., ”Benddng and Svretching of Corrugated Diaphragms” (J. Basic
Eng.) ASME Traxus., 81, pp 651-659, December 1959.

Solutions of the exact linear elastic-shell equations for all stresses and
displacements are presented for a typical corrugated-disphragm shape for

three thicknesses varying over a 9 to 1 range. Results were cbtained by
numerical integration using an electronic digital computer. The effect of
thickness-diameter-ratio variation is discussed with respect to both stresses
and resultants, and peak values needed for design purposes are presented.
Circuxferential and meridional stresses are found to be equally important
througnout the thickness range analyzed. Bending and meabrane stresses are
likewise equally important throughout the range. Peak values in some cases -
occur near the outer rim. '

Drucker, D. C., and Hopkins, H. G., "Cosbined Concentrated and Distributed
Load on Ideslly Plastic Circular Plates", Proc. or Second U.S. Matl. Congress
for Appl. Mech., ASME, pp 517-520, 195k.

This paper has two main cbjectives: to extend the wark on circular plates to
the experimentally realizable cases of large or small overhang, and to demon-
strate that answers may be obtained in a straightforward manner for any
yield condition and almost any radially symmetric loading. As an example,
the Tresca yield criterion is assumed and the collapse condition is calcu-
lated for an overhanging circular plate subjected to both a central force

and a uniformly distributed pressure within the support circle. Solutions
for the simply supported and for the built-in plate appear as special cases.




B

Drucker, D. C., and Shield, R. T., "Limit Analysis of Fically Losded. : - -

Thin Sbells of Revolution", J. Appl. Mech., 26, pp S1-68, Marsh 1959.

The yield swface for a thin rylindrical shell is shovn to be a very good
sprroximation to the yield surface for any symmetrically loaded thin shell .
of revolution. Hexagomal prisa approximations to this yield surface, spprop-

riate for pressure vessel analysis, are describei snd dfscussed in terms of

limit analysis. Procedures suitable for finding vsper asd lower bounds on the .
limit pressure for the complete vessel are develoyed and evaluated. They |

are applied for illustration to a portion of a toroidal zome o knuckle held

rig.dly at the two bounding planes. The combined 2nd force and moment which

can be carried by an unflanged cylinder also is discussed.

122. . \
~ Drucker, D. C., "Plastic Design M2thods - Advantages and Limitations”,
0ffice of Naval Research Tech. Rept. No. 24, Brown Univ., July 1957.

Assembly and welding stresses add to the stress imposed by loading, and it is
inevitable that stress concentrations will produce some local plastic flov

in the best of designs. An exact plastic design would be a formidsble tack,

but neglecting work-hardening providzs a simple and yet a reasonably satis-

factary approximation. termed limit design. At the limit load the idealized

structure collapses. Far the overvhelming majority of structursl probleas,

a design based upon & reasonsble factor of safaty against this plastic collapse
provides s more appropriate structure than a design based upon elastic action. -
Although 1limit analysis is relevant, a mcre complete anmalysis is needed for

plastic buckling, strengthening by secondary membrane stresses, and drittle

fracture. TIllustrations are provid=4. *l

Dubinskly, S. A., Rusanova, Ye I., Stol, B. F., "Calculation of Toroidsl

Bellows of a Low-Pressure Pipeline", Sudostr., 5, pp 1k-16, 1956 (in Russian).

The asymptotic solution is found by the method of Novozhilor for some om2ga
bellows with either clamped or simply supported edges. The results are
ccmpared with experiments.

12k,
"Electron Beam Welds Pay Off for Bellows Maker", Steel, 148, pp 78-79,
March 6, 1961.

This article describes tne use of electron-bcam welding as an slternative
to tungsten-arc welding in the manufacture of welded belloss for use in pressure
sensors.
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Ellis, A. H., and Hovard, J. H., "What to Comsider Wosn Selecting.a Metallie's:
&110'0", PrOd/, S&S_gg,’ g& (7), PP %&@, Jm l”o. . ' *.A R ‘.A

Brief descriptions are given of the design, fabricstion, life, and use of
) metellic bellows. A life-prediction chart is included. - Tor

13

’ 126, _ . Do
| "An Engineering Evaluation of Methods for Prediction of Fatigue Life in " 3
i Mrfraze Structures”, Lockheed-California Co., March, 1962 (AD 276249)." ’

From a study of twenty proposed fatigue-life-prediction methods, ten of the
procedures were chosen for evaluation numerically with a group of 78 cosplex
spectral test results representing approximately 266 individhial speciimens.
An experimental prograa generated constant axplitude axial losd S-XK type
data cn simple notched coupons of 70T76-T6 aluminum allay sheet for use in
the analysis procedures. Orlered spectral fatigue test data from these saw
type coupons were utilized from another concurrent ASD fatigus research
program. A series of specimens of a complex joint were also fatigue tested.
These data were analyzed by the selected procedures to confira or provide a
possible means of improving the selected fatigue.life-prediction methods.

.- Engl, W., "How to Determine the 'Effective Area' of a Disk Diaphraga”,
Regelungstechnisch Praxis (Munich), 7 (5), pp 165-1€8, Msy 1959 (in German).

- One side of a disc diaphragm is loaded by a pressure which is opposed by a
; force acting upon the other side of the disc. As a result, the diaphraga is
' daflected in the direction of the greater pressure. Thic article shows a

method of calculating, for small deflections, the "effective ares”, that

is, the area froa which, by multiplying it with the pressure, the opposicg
i force can be found. A device is described consisting mainly of a very stiff .
H pressure transducer vhich at the same time produces and measures the opposing
force.

Ericson, G. L., Boyd, W. K., and Miller, P. D., "Corrosion of Titanium anrd
Titanium-Base Allays in Liquid and Geseous Flucrine", Titanium Met. Lad.,
T™L ho'o, April 30, 1”80

Unalloyed titanium and four titaniua-base alloys were subjected to a simple
preliminary corrosion evaluation in liquid snd gaseous fluorine at tempéra-
tures between -320 F and +220 F. All materials exhibit promising corrosion
resistance under the test conditions. More elaborate experiaments would de
desirable to fully establish the utility of titaniua in fluorine service.

33
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1

Estabrook, L. H.; and Jahssan, W, E., “Stress Anllynis ot Weldad &nov&
General Electric Tech. Inrcnttion Series (D!56 $°215), May 28, 1956,

The general solution for welded bellows given in KAPL-1089 vas Ayplitdé to

a bellows loaded by radial eige forces and edge mowents at its ends. Equs-
tions for deflections, rotatiocns, forces, momerts, and stresses throughout

the bellows were developed using matrix algebra. The limitations of the snal-
ysis were investigated. Muzerical results were ocbtained for an 8-inch stcp:
valve bellows using an IBM 650 dizital computer. . n;e snalysis is quite genéral
and may be applied to any weldad bellgus of sinihr aemctry The cmplete
solution for additionsl loading conditions, such as axial and pressire loads,
may be obtaired by superposition. Matrix algebrs was used, so the resulting
equations are in convenient form for Bolubion ona dicitt.l computer. High
stresses were found at the point of a small l.pplied rﬁm displacement at

the lover end of ap 8-inch stop-vaive bellows which is free st its upper

end. For this case, tbe solution became unstable after 3 convolution pairs
from the lower end. This instebility is probably due to: (a) numerical
errors arising from taking small differences of large numbers anifor (o)
application of the solution to a be2llous conﬁs\a'atim vhich exceeds the limi-
tations of the theory. Ty resolve this problem, nmther study vas
recomnendsd.

T Bstrin, M. 1., "One Method for the Solution of a_ Homogeneous Problem
for a Symaetrically Loaded Toroidsl She2l”, Prikl. Mst. Mekh., 17, pp 619-622,
September/October, 1955 (ia Ruzsian).

Thic paper gives a ainor variation of Novozhilov's asymptotic solution for
toroidal shells.

Exline, P. G., "Pressure Responsive Elements”, ASME Trans., &0 (8), pp $25-
632, laveﬁer, 1938.

Pressure-respousive elements coamonly used in indicating and recoarding instru-
ments are manometers, free-piston gages, Bourdon tubes, disphragas, and
bellows. The -.theatics of the primary elements, manometers, anl free-
piston gages is simple and direct. Analyses of Bourdon tubes and diaphrazms
shov that predictions of their performance curves are not amensble to precise
calculation even under the simplest conditions, which conditions do not
generally obtain in instruments. Generally, the instrusent maker must rely
upon eapirical knowledge, coupled with approximate calculations, for d=sign
data. Linksge adjustments must be provided to correct for variaticus in
dimensions and materials normally encountered in manmufacture. ‘kph,tis is
placed on the usefulness of bellows as pressure elements, and approximate
formulas for calculating their behavior are given. The results of considsrable
experimental vork on the charscteristics of bellows of various sizes and
aeterials show that in many cases they are ideal elements for pressure-
respousive instruments. An example of such use in a special-duty pressure
gage is given.




Feaili, J., and Archer, R. R., "Finite Asymmetric Defarmition of Shaliow’
Spherical Shells™, ATAA J., 3 (3), pp 506-510, March 1965. -

A procedure is developed for the integration of the system of nonlinear
partial differential equations governing the asymmstric deformation of
shallov spherical shells. A suitable iteration scheme dased on a finite--
difference approach is showm to yield the asymmetric post-buckling states for
the spherical cay undar uniform pressure. Thus, the practically impartsnt
asymmetric "lower buckling load" is systematically computed for the first
tiwe. Applications to more genersl sgymeetric buck®PIng prcbless are indi-
cated by the exsaple of the spherical cap witk the load distrivvted uniforsly
over nalf of the surface. -

1! !.
Faxrar, J.F.P., "Development of Metal Bellows in Germany During War Years
Through 1946", PIAT Final Rept. 1076 (PB 78651), March 1947.

A short report iz given of the davelopments in the mamufacture of metal
bellovs in Germany during the war through 1946; brass bellows of gooi quality
were manufectured, but much more slowly than i8 common in the United States;
however, no developments in the industry purportedly took place during the
var ani production methods as compared to those in the United Btates is
antiquated.

.

13k,
Farrell, M. J., "The Development of Advanced Cryogenic Pressure Switches
for Ballistic Missiles”, Prebank Co., June 1960 (AD 2k3h23).

A low-pressure-svitch program has resulted in the development of an advanced
cryogenic pressure switch vhich functions with two diaphregas essentislly
tle saac as the medium pressure svitch descrided in Volume 1 of this report.
The low-pressure switch has demonstrated that it is cspeble of withstanding
the severe envircomental conditions encountered in ballistic sissile usage
by passing the Qualification and Flight Rating Testing which included cos-
bined envirommental testing.

135.
Favor, R. J., et al., "Investigation of Fatigue Behavior of Certain Alloys

in the Terperature Range Room Temperature to -k23 F", Baticlle Memorial
Institute, June 1961 (AD 266343).

The fatigue bebavior of certain allays has been investigated in the tempera-
ture range room temperature to -k23 F. The allays evaluated were materials
currently used for components in cryogenic missile gystems. The results of
sn initial litersture search are presented graphically as S-N curves and as
fatigue strength-temperstiure cross plots. In the experimental progras,
equipment was desiZrad to test small sheet specimens in fully reversed
bending, comstant msximum dsflection sxperiments at tesperstures down to
523 P, Detsiled descriptions of the equipment snd specimens are presented.
Fatigue dats obtained on 1k allcys at roca tempersture, -110 ¥, -320 F, and

3H
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=423 ¥ are presented graphically. The metallurgical h:l.stdries and chemical’ .
analyses are described. L

Feely, F. J., Jr., and Goryl, W. M., "Stress Studies on Piping Expansion
Bellowa”, J. Appl. Mech., 17, pp 135-141, 1950.

As a result of numcrous and ceostly feilures of the stainless steel bellows
used to take up thermal expansion in the piping of petroleum and chemical
processing equipment, & bases has been developed for designing these bellows
to operate within reasonable stresses. A formule has been derived to show
the total stress induced in the material as a result of the cowbined effects
of pressure and movement. The validity of the approximations used in this
formuls has been verified by laboratory strain-gage measurements on an ex-
perimental bellows. A relationship between several varisbles in the design
of the disks hes also been determined and serves as a basis for dimension-
ing them to achieve the most economical proportions. When this relatiouship

is satisfied, the maximum permissible movement per disk can be cbtained. This

is shown graphically. Suveral supplementary formulas are givep for deter-
mining bellows characteristics which may affect the design of adjacent piping.
The problum of designing an expansion joint for high-pressure service is
discussed briefly, and sce: preliminary leboratory data are presented on

& comeercial joirt of this type.

FLi‘opov, A. P., and Bulgakov, V. N., "Application of Quick-Response Com-
puters to the Investigation of the Strength of Plates and Shells", Prikl.
Mekh., 7 (2), pp 125-134 10961 (in Russian).

This paper describes the .oy a computer may be used to solve problems

in plates and shells. As examples, a toroidal shell is solved by finite
differences, and a curved plate is solved by energy methods and the integral-’
equation approech.

.

T Fimnte, I., "An Expérimental Study of Multiaxial Creep in Tubes", 1963 Joint
Intern. Conf. on Creep, Sect. 2, New York, pp 2L-26, August, 1963

The different methods availsble for the prediction of creep rates under
multiaxial stress are discuseed and it is pointed out that the best experi-

wental studies in the literature lead to appsrently contradictory conclusions.
Tests on tubes of aluminum and lead were made under torsion, internal pressure

an? ransion in an ettempt to resolve this difficulty, but none of the methods
of rcxcin prediction in the literature adequately explained the resultc.

This discrepancy is attributed to ihe effect of hydrostatic stress which has
hitherto beer assumed negligible in creep strain predictions. It is sug-
gested, based on the known mechanisms of plastic deformation in metals,

that tne equations used for strain prediction may have to be modified when
the temperature exceeds about half the melting point in degrees absolute.

a2 this basis many of the apparent contradictions in the literature may be
rasolred.

36

hah

[




139,
T Fitzgibbon, D. P., “Experimental Measurements of the Stiffness of aPres::
surized Bellows System”, Space Technology Laboratories Rept. ¥o. m :8:20,
October 1, 1958.

) The stiffness of a pressurized convoluted bellows is.dependent not only on

the structural stiffness but also on the pressure stiffness of -the bellows.
.. The pressure stiffness arises hecause the resultants of the pressure forces

acting on the deflected bellows produce a moment which is proportional to
deflection. It was recognized that these two contributions to the stiffness
of & bellows could be balanced against each other to reduce the magnituds
of the momert required to deflect the bellows. Subsequently, & theoretical
analysis was wade in which:the stiffness of a bellows system was found as &
function of applied pressure and pivot point location. This analysis (Seids,
P., "The Effect of Pressure on the Bending Charscteristics of an Actuator
System", ASME Trans., 82, 1960, AD 605937) predicts that points of zero
stiffness csn be obtained over a range of pressures for various pivot point
locations. The investigation reported herein is the experimental evaluation
of that theory.

lhoo . :
Fleming, L., "Research on Transducers for Extreme Environmental Temperatures’,
' Bell & Howell Research Center, Pasadena, Calif.

The problem of utilizing a high-temperature deflection sensing element in a
pressure or ecceleration transducer is chiefly one of finding and fabricating
materials for springs and diaphragms which heve good eiastic properties at

. elevated temperatures. Studies made at Gulton Industries have concluded that
no metal is available which has adequately low elastic hysteresis and creep
above 1000 F. Structural nommetallics such as heryllia and high-alumina
ceramics show, however, considerable promise.

.
T Flindt, C. B., "Theory of Restrained Corrugated maphragns , Bngineer (London)
202 (5246) pp 193-195, August 1956.

The corrugated metal diaphragm has been used for many years as the basis of
measuring instruments, in which the force due to fluid pressure is balanced
by stresses set up in the metal as it deflects. Many theoretical studies
have been published which seek to explsin the behaviour of such diaphragus,
bit only those dealing with linear deflections have beer very successful. In
this article the theoary of linear diaphragms, originally due to J. A.
Haringx, is developed with the purpose of calculating the thrust which can
be exerted by a restrained diaphragan under uniform pressure conditions.

-

. k2,
- T Fllgge, W., and Steele, C. R., "Toroidal Shells With Nonsymmetric Lcading",
October 1, 1959 (AD 229108). .

The problem of a general shell of revolution, without geometric discontinuities,
' under slowly varying edge loading has heen solved for dome-shaped shells and




it a0 o dce sl Ot e tEl btk K tad 1

143,

for nonshallow ghelis but not for the toroid-~ distinctiw because of -the -
interaction between "bending™ end "mesbrane” effects. eidrth-ordm; par-
tial aifferential equations for a shell of revolution reduce for sinuscidai
edge loading to an eighth-order ordinary differential system - three siml-
taneous equations. These proved unwisldy for the toroid and sc vere reduced
in this work to one nonhomogenecus integral-differential equatics. which ceu
be further modified to a farm quite similer, except for the -iutsagral,.to 8
fourth-order formulation of the axially symmetric problsa treated m'eviww
With this formulation, the complete solution for a toroid with edge loe.ﬂing
of a given harmonic requires the numerical solution of &wo. sizple 2guations,

equivalent to equations of the first order, a considersble amount of stralght-

forward numerical integration, and, for the most general boundery conditiocus,
the solution of 8 simultaneous algebraic equationc. Although this couid be
tedious by hand, particularly foar several harmonics, it would be routine for
a digital computer.

Forrest, P. G., Fatigue of Metals, Pergsmon Press, Long Island City, 1962.

L

Abcut half the book is devoted to the fatigue strength of metals and the
influence of such factors as metallurgical structure, stress comcentrations,
surfsce treatment, corrosion, and temperature. In addition, fatigue teeting
techniques and the fatigue strengths cf Joints, components; and structures
are treated in some detail. There are also sections on -engineering

design to prevent fatigue failure.

~ Frederick, C. 0., "Model Correlations for Investigating Cressp Deformation
519125 Stress Relaxation in Structures”, J. Mech. Eng. fei., 7 (1) pp 5T-66,
1965.

This paper establishes a range of possible creep model correlations based

on uniaxial constant-stress-creep data and varisble stress creep laws. It
is shown that the model behaves as an analogue which can be used to sclve
the differential equations governing the deforwmation of the prototype. The
most general correlations hold for time-hicdening materiales where creep data
can be fitted by a stress index. The least general ccrrelations hold for
strain-hardening materials whose data can only be fitted to a function of
stregs. Elastic strains and variable loeds are included in the analysis.

s,

Gulletly, G. D. ) "A Comparison of Methods for Analyzing Bending Effects in
Toroidal Shells”, ASME Trans., 80, pp 413-k1k, September 1958.

An accurate estimate of the effects of bending lcads scting cn toroidal
shells is, at the yresent time, a time-consuming prcblem for the d=signer.
Be is, in consequence, interested in the accuracy with which the faster
approximate methods can furnish him with the infarmation he requires. The
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author had occasion to utilize two approximate msthods in the bendins M‘-
ysis of a toroidal shell of revoluticn as well as an sxact method. ~1be
purpose of this note is to present the resilts of these anklyses ‘insofer as’
they pertain to the calculation of the edge displacemerts aud rotations.

-

14 ¢

Galletly Ge Do Sdge Influence Coefﬁcients for Toroidal-Shells of Positive
Geussisn Curvature”, ASME Trans., 82 (1), pp 60-68, February 1960.

Tables sre glven for the edge deformations of constant-thickness toroidal
shells sudjeet to uniform pressure and edge bending loads. Over 100 different
sheoll gsometries were investigated and the results are presented in dimension-
less form., Possession of these coefficients, which were obtained on a
digital ccomputer, means that a rapid and accurate Zformulation of the counaﬁi-
bility eguations at taroidal shell-junctions is possible.

Galletly, G. D., "Bdge Influence Coefficients for Toroidal Shells of Negative
Geussian Curvature” (J. Eng. Ind.) ASME Trans., 8 (1) pp 69-75, rebrua.ry 1960.

Continuing the work presented previously, the preseat paper gives additiomal
tables {or the edge deformations ‘of constant-thickness toroidal shells sub-
Ject to edge bending loeds and uniform pressure. The two papers togzcher thus
cover a wide variety of toroidal-shell geametries and enable a designer to

caleulate in a simple manner the edge moments and shears at toroidal-shell
Junctions.

'Lcauetly, G. D., "On Particular Integrals for Toroidal Shells Sudbjected to
Uniforr Internal Fressure”, ASME Trans., 80, pp 412-413, September 1958.

¥or toroidal shells which do not include the apex § = O, two common spproxi-
nstions are used to evaluate a particular integral of the relevant differea-
tial equations. These approximsiions, vhich are known to violate the coapa-
tibility relations and sxre chosen to satisfy only the equilibrium conditions,
are: (a) the trensverse shesr Qf and the rotation V are both set equal to
zero, and the stress resultants and No are given by their membrane values.
{(b) Sae as {a), excep: toat the rotation V is given by the mesbrane rotation
Vpo The purpoae of the present note is to point out that these spproxima-
tiong are not very good even when ¢ is ag large as 30 degrees. To illustrate
the point, a constant-thickness toroidal shell under unifarm internal pressure
is investigated.

149,
Gelletly, G. D., And Radck, J.R.K., "0 the Accuracy of Some Shell Solu-
tions”, ASME Trans., 81, pp 517-583, December 1959.

R. B. Dingle'!s method for finding asymptotic solutions of ordinary differ-
ential equations of a type such as occur in the bending theory of thin shells
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of revolution is presented in ontline. This method lsads to the same results.as - -
R. E. Langer's method usé fox problemz of this kird, &nd permits d.-sisplécsnnl. A
ytical and less formal interpretstion of the asymptotic trestment of such.equations.
A comparison is given of edge influence soefficients due to.bending loads,. cbe
tained by use of these ssymptotic solutions and numericel integration.of ‘the
equilibrium equaticoms, reepectively., The particular shells investigated sr= of "
the cpen-crown, ellipsoidal, and negativescurvature taroidel types. Ths resuits «
indicate that the agreement between these solutions is satisfactory. In the
presence of uniform pressure, the use of the membrane colutions for the deter- ‘.
mination of the particular integrals appears to lesd to acceptabls results. in the
case of ellipsoidzl shells, FKowever, in the case of torcidai shells, fie weme
crane and the numeriesl soluticne disagree significantly.

150, ) . L 3
Gartper, D., Kromrey, H., “New Process for Production of Single.Wsll Metal Bellows
by Chromizing and Their Tassting", Technik, i7, pp 72-T3, February 1962 (in Germnn).

Farmed bellows are used as packing elements. The special advantzges of this
type of sealing are complete tigntness, absence of maintensnce and of glund
friction. The disadvantages of single.wall formed Yeilows used as sealing
elements are their low life and the limits of permisaible work pressure, - Tac
usual materials far metal-formed bellows are tambac, yellow brase, stpinless
steel (18/8-CrNi), etc... In tke new method of the VEB Messuring Instrurent
and Armature Plant "Karl Marx" of Magdeburg, the formad hellows are of ferrite
steel developed by chromium p ating sheel 5 Ti S.
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181, .
General Dynamics/Astronautics Test Rept., "Design Proof Teat Report for Bellows
Assenbly - Life Chill-down Manifold”, June 20, 1953. Ii%P 115.12.89.00-D5-01.

Tests of two bellows assemblies included proof pressure (15 psig for 5 min. with
L¥), vibration (at -300 F) and life cycling (10 psig ~ 500 cycles, displeced 20).

r

+

152. *
General Dynamics/Astronautics, Test Regpt., "Hose Asseably--Vernier, Liguid
Oxygen Supply, MA-3", Jonuary 18, 1962 (AD 28834k).

T;;ts of 15 flexible-metal hose specimens inciunded initisl performanve tesks
(750 and 1500 psig, By0), vibration, acceleration, iife cycling {12,000 cycles),
and buret (3000 psig).

P

153,
General Dynamics/Astronautics Test Rept., "Report of Preproduction Fests of -
Beliows Assesbly”, November 25, 1959. IDEF 115.10C.60.00-D5-0%.

Tests of twc concentric bellows included leakags f{at 18 psig), proof pressure she -
psig), deflection cycling {1000 cycles at -3GO F), and burst pressure (70 psig).
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UcrisPel Dynamics/Astronsutics Zost Rept., "IPT Report for Hosé, Wstaliduei
Blkes-Tngine Coxbrol”, Getcber 10, 1962 (AD 296609).

’

Tests of & breid-coversd 3-inch-dlemeter bellows included visual exasinatiéh,
presawre deflection (250 psig, 100 in-ib), life cycling (200 cycles), oo
pressure {S0Q psiy Lﬂz) and burst (1L1C pasig).

mnrr AN e S TA SAADCRIL  Wr,

39
Genersl Dynamics/Astronsutice Tast R,.?t., "Acceptance Test of Pittings, O -
100 psig", Angust 22, 1961 {AD 27630%).

Accsptance tesis are described of a flexible elbow, flexible line, special line,
transgex 1line, and elbov. The tests ihcluded visual exsamination, proof pres-
sure (150 psis ; 8u% tyc types of leak tests.

- 1260

: Uarderich, ¥. W., Martin; C. ., and Zeckay, V. P., "Serrated Stress-Curves of
, Mztastable Rustexite in Allcy Steels”, fm. Soc. for Meials Trans., 58 (1), pp

2 85-9%, Merch 1665,

‘- Ine msorescopic yieli behaviar of metastable sustenite in nine allqy stesels was
studied, It sxs found that the degree of austenite decomposition was directly
proportisnal to the ammost of strain.

151y

Geschelin, J., “How Hetel Bellovs are Pabricated by the Cook Electrie Co.",
Automotive and Avistion Industries, 92, vp 36-38, February 35, 1945.

Manufseturing facilities are extremely flexible, providing with few exceptions
& jcb-shop type of operation cejable of handling a vast variety of parts and as-
seshlies ip any quantity from one to hundreds of thousands. Asseably processes
esbody practically every known method of welding and brazing or soldering.

L L
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158, ’
f Gibbs, D, F., "Srring Lisphragms”, J. Sci. Instr., 3k, pp 34-35, January 1957.

A brief descriptior is given of diaphragas comvoluted in various ways.

159.
. Gleyzel, A., "Plastic Dsformation ,uf a Circular Disphraga under Pressure”,
. J. Appl. Mech., 15, pp 283-295, 1948.

In this reprxrt a numerical sciution is given of a sat of equations consisting
essentirlly of three plasticity laws, two strain-displacement lavs, wnd two equi-
1ibrium laws vhich describe the action of a clsmped, thin, circulsr diaphragm
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&g i% yields plastically when pressure is applied to one sids, The stresses,
straine, thickness varistion, and deflections for any thin circular diayhrasn- X
of a given materisl may be computed.by the nymerical integratioﬁ‘ ‘of the equilib-
riun conditions, the geometric conditions relating displaciments and-‘straing,
and the stress-strain laws. The solution may be reduced to the solution of a .
second-order differential equation with the radial distance © as :lndepen:lent
variable, The solution depends upon an experimentally deternimd ‘function v(y),
which describes the stress-strain properties of the material, and upoa three .
parameters, the presure p, the original thickness hy, and radius a of the clamp-
ing ring. It ie found that for a given material, a family of curves with pa/hg
&6 a parameter serves to predict the solution fcxr any thin circular diaphragm of
$he eame material. This analysis has been carried out for a particular function
7{y) based upon results of ténsile tests made on a speciien of medium steel.
Graphs of theoretically and experimentally determined values of ‘deflection,
radial and circumferential strains, radial and circumferential stresses, and
thickness corresponding to various preésures are presented which apply to all
/ disphragms made of the same steel as this specimen.

¥

Goan, G. R., "Fatigue of Metals: Part 1, The Mechanism of Fatigue", Mater. .
Res. and Stands., 3 (2), pp 106-115, February 1963.

Tais is the first of three companion articles on all facets of fatigue. Part 1
reviews all of the thearies of fatigue crack initiation accompanied dy Ll ref-
erences. Barly fatigue failures are examined. This vast background of effort .
points to the fatigue model of Wood as the current, most plausible discuzsion of
the mechanism of fatigue. This model recognizes the microstructure-and assun2s
that the dislocation theory is valid. Attention is confined to small gplastic >
strains *¢ alternating about 2 zero mean stress. This type of fatigue aced not
result in strain hardening below a certain strain amplitude, called "reversible
plastic set". The de’ormation process changes (under cycling) from cosrse to

fins slip in the crystal as the strain amplitude becomes less than the reversible
plastic set; and fatigue deformation accompanies fine slip bands or course slip
bands consisting of an avalanche of fine slip bands. This explains how fatigue
davelops at same Intensified slip band; it accounts for the formation of notch-
like contours at certaip bands; it accounts for the tendency of the slip to
concentrate in the bands first formed, and the numerous ocbservations that show
fatigve usually deteriorates the surface.

161.

Goléberg, J. E., Bogdanoff, J. L., "Static and Dynamic Analysis of Noaurniform
Conical Shells Under Symretricsl and Unsynmetrical Conditions”, Ballistic Missile
and Aeros,ace Technolog,, Academic Press, New York, pp 19-238, August 1361.

-

The equations for d=termining stresses snd displacem2nts in symmeeirically and
unsymmetrically loaded thin conical shells ares presented in a farm which is es-
pecially convenient for numerical integration on an 2lectronic digital cowmputer.
The usual assumptions of classical shell theory are employed. Thicka2ss and
mechanical properties of the shells may vary aloag the generstors and temperature
distributions which do not producze significant circumferential variation of
mechanical properties may be bandled. Results cbtained for several prcbleas

of symmetrical ard unsymmetrical vibraticn are dispiayed.




Goldberg, M. A., and Pifko, A. B., "Large Deflection Analysis of Uniformly
Loaded Annular Mesbranes”, AIAA J., 1 (9), pp 2111-2115, Septesber 1963.

An iterative technique is employed to obtain ‘approximate solutions- to Foppl's
nonlinear membrane equations. Four uniformly loaded rotationally symsetric
mesbranes are examined: (a) an annulus fixed at both edges, (b) an annulus
fixed at the outer edge with a rigid plug in the interior, (c) an annulus
fixed at the outer edge and free of tractions at the inner edge, and (d) a
solid circular membrane fixed at the outer edge. Mumerical results are pre-
sented for each problem. The results of case (d) are compared with the
existing exact power-series solution presented by Hencky. Stresses. and de-
flections computed by the iterative technique for case (d) are within 1.14
percent of those predicted by Hencky.

163. .
Grafton, P. E., and Strome, D. R., "Analysis of Axisymmetrical Shells by
the Direct Stiffness Method”, ATAA J., 1 (10), p 2342, October 1963,

A method for .the structural anslysis of shells of revalution, cowposed of
materials with orthotropic properties, is discussed. The development is
based on the direct-stiffness method. A truncated cone eiement is introduced
to take advantage of symmetry. Derivations of the stiffness and stress
matriceg for the truncated cone element are given. Several examples are
sclved on the digital computing machine using a program that is based on the
truncated cone element. The results are campared to cther theoretical re-
sults, and the correlation is excellent. Extension of the technique to
handle linear unsymmetric deformation and nonlinear symmetric deformation

is discussed.

164,
Greenbaum, G. A., "Comeents on 'Rmerical Anelysis of Unsymmetrical Bending
of Shells of Revolution'”, ATAA J., 2 (3), pp 590-592, March 196k.

Tnis note caments on the paper by Radkoway, et al., on the finite differ-
ence solution of shells of revolution. ZThe note gives conditions apprcpriste
for shells closed at the apex. Thisz permit: the solution to be obtained at
the axis without the necessity of leaving & mall hole on tke axis.

165.
Grigger, J. C., and Miller, H. C.,” ™“Phe Comystibility of Materials With
Chlavine Trifluoride, Perchloryi-Pluorids, rnd Mixtures of These”, Pennsalt
Chemicals Corp., April 1961.

Compatibility and corroeion rates of allcss of aluminum, copper, meagnesium,
nickel, titanium, steel and stainless steel, and columbium; molybdenum, carbon,




. -

graphite and flucrocerbon plastics in chlorine trifiucride, perchloryl fluoride
and mixtures of these at 30 C were investigated. Titanium, colimbium, molyb-
denuz, caroon and graphite were rapidly attacked in ClF3. Corrosion rates

of others were extremely low in all liquids. In the vapors, instances of
higher corrosion rates were noted. Teflon ard Kel-F adsorbed moderate: saxounts
of C1F3 and C103F. Passivation by C1F3 was unnecessary for reducing carrosion
of properly cleaned metals. Corrcsion in wet C103F was characterized by
localized attack, but some stairless steels were resistant. Titanium exhibited
increasing impact ignition in liquid C1O3F beginning at 19 ft-1b, but even

at 140 rt-~1b burning was not sustained. ~No other metals showed impact ig-
nition in C1F3 or Cl03F. In explosive shock tests, CLO3F gave a stronger in-
teraction with the metals tested than did ClF; and aluminum showed a greater
interaction with the fluorine chemicals than low carbon or stainless steel.
Greatest enhancement of explosive shock occurred with titanium and Cl03F. In
explosive denting and perforation of steel and aluminum cylinders containing
C1F3, C103F and their mixtures, no enhancement occurred. A high order ex-
plosive interaction occcurred tetween ClOF and titanium cylinders perforated
by a shaped explosive charge. 3

166.
Grigaryev, B. V., "Some Problems in Flanging and Beading Membranes", NASA
Tech. Transl. F-32, 13 pp, June 1960.

The hydraaclic method cf beading may be used equally well for membranes of
cold-worked materials ard for materials which have undergone thermal treat-
ment, to give them high yield strength. The method of flanging and beadinc
membranes which is under consideration gives ccnsideratly more stable
properties and less residual deformaticns, elastic fatigue, and hysteresis
than membranes prepared by means of resin, lead, or steel stamps snd dies.

167. i
Grinstad, C. B., Frawler, R. N., et 2., "An Improved Indicator for Meastring
Static and Dynamic Pressure”, SAE J. (Tranms.), 32 (1) pp 534-555, 1ghk.

The principle of gperation and the mechanicsl design of an improved indicator
for measuring static and dyaamic pressures are discusazed ia thic paper. The
condenser %ype of indicator was selexted by the authors for engine work be-
cause it is compsei and zturdy, it is easily serviced, it has s high natural
frequency, and it is relatively insensitive tv shock and vibration. This
type of indicator alsc does not reguire mechanicai linkage between tie
pressure diapnragm and the electrically sensitive element.

168,
Grover, H. J., Gordsa, 8. £., and Jackacon, D. R., "Fatigue of Metale and
Structures”, U.8., Govt. Printinz Office, 1954 (currently being revised).

This beeck is directed particularly to the designer o engineer with szgre

knowledge of, but limited practical erperisnce, ir fatigue problems. It
is intended to provide a summary of present-dsy infamsation and tc provide
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169.

references to pudlished literature for more complete information on the-
most important items in such design. It is recognized that in a nuaber of
instances present-dsy knowledge is incomplete, hence the information
presented is considered as a guids and a starting point toward adsquste
solution of specific problema.

Grover, H, J., and Bell, J. C., "Some Evaluations of Stresses in Aneroid
Capsules”, Proc. of Soc. Bxptl. Stress Anal., 5, pp 125-131, 1948.

Two lin2s of attack were followed: <first, experimental evidence of sur-

face stress distribution was obtained by the use of brittle-lacqusr coatings
on several capsules subjected to vurious loading conditions; second, a mathe-
matical computstion of stresses in a model, quite similar to comemon anercid
capsules was carried out to give numerical results. The primary purpose of
the investigation was to study drift and mechanical hysteresis in aneroid
zapsules and to develop methods of producing capsules with less drift and
hysteresis. This involved the consideration of many factors, incluling th2
choice of material for diaphragms; optimum heat treatment, aging, and cold
working of diaphragm materisls; fabrication of diaphragms; methods of joining
diaphragms to produce capsules; and effects of variation in design of capsules.
Previously, attention had been mainly directed to the conventiomal corrugated
diaphragm type of capsule and to commonly used materials suca as beryllium
copper and phosphor bronze.

170.

Gutterman, E. P., "Djaphragms and Linkages for Pressure-Operated Flight
Instruments", Office of Tech. Services, ¥B 34858, 225 pp, April 1956.

Pressure-sensitive, circular convoluted diaphragms experience severe bi-
axial stress concentrations during deflection. Resulting oversiraine zear
the periphery and in the convolutions contribute to nysteresis and drift and
1imit the usasble sensitive range. Scze of the conclusions reached during
the investigation of these configurations were: (1) a noncircular, welded,
radially-convoluted, free-edge diaphragm shape can be asde to reduce tc zero
all strains lying in the capsule surface, within the first order of approxi-
pations - only relatively cvenly distributed bending strains reaain; (2)
free-edge diaphragm-forming dies may Le shaped to satisfy the design equations
by a simple, automatic computing linkage attached to a standard shaper, (3)
age-hardsning alloys are superior for diaphragm manufacture - raw material
should be annesled dead soft before farming - since large grain-aize is unde-
sirable, a high-temperature, short-time hardening cycle should be ezployed;
and (4) hysteresis and drift of assembled capsules may be decrsased and
usable range increased by artificial aging incluling the successive steps

of deflection cycling, temperature cycling at maximus stress and moderately
extended heating slightly above maximua service temperature, under maximum
stress,

]




e R s S TR S AT e
;‘?ﬁ”é&ﬁ%ﬁgx\‘izi»’f"“\?-'—%.. = T :

ot oy
'

m.

Halford, G. R., and Morrow, J., "Low Cycle Putigue in Torsion", Univ. of
Ilinoie, October 1961. :

Completely reversed tarsional-fatigue failures are reported for two alusinum .
alloys, €0-4O brass and SAE 4340 steel in the 1life range of 1/2 to 20,000 -
cycles. Cyclic hysteresis loops were measured and the total plastic-strain

energy to cause fracture is reparted. The results are interpreted using .
hysteresis energy as a criterion for fatigue damage and also in teras of the .

Coffin eguation for low cycle fatigue. Both methods of interpretation give
good agreement with the test results. For practical purposes, the data are -
adequately described by substituting shear strains for normal strains in the
Coffin equation.

172,
Ramilton, P., "The Development of Electroforming Technigques™, McDonnell
Aircraft Co., March 10, 1964 (AD 431518). _

A test program was initiated to further develop electrofarming technigues

investigated under Test Request 513-277. Mandrel materials selected for

evaluaticn were polystyrens, plexiglass (lucite), cerrotru, polyurethane,

and redvood. Nickel was electrodeposited from a sulfamate electroplating

bath on the prepared mandrels to the desired thickness. Completed electro-

formed paris were separated freaz their mandrels utilizing appropriate tech-

niques. Parts successfully electroformed included a wave guide, a bellows; -
and a pitot tube. A sandwich structure attempted was not compieted. A study

form of redwood was designed and electrofarmed tc evaluate the deposition

of nickel on insids and outside ccraers as well as in blind holes. The in- .
] ternal stress produced by the nickel sulfamate bath was determined with

’ the aid of the Brenner-Senderoff Contractometer.

i AR IO RSN 18 Gt

173.
: _}'Raringx, J. A., "Design of CzzTugated Diaphragms”, ASME Trans., 73, pp 55-61,
61-62, 62-64, January 1957.

Trree previous papers by the suthor get foarth methods of calculating the
rigidity cof corrugated diaphr- wms, the streeses in the sheel material, and
the nonlineority of the relatioa batween lcad and deflection. As a further
step, the introduction of a few simplifying restrictions having no fundamentel
effect on the problem leads to the concept of a chart giving at cnce the
dimensions a diaphragm must have 50 as to corfcrm to specific requirements.

An example is Included by way of illusiratica.

lii‘o ” .
Haringx, J. A., "Instability of Bellows Subjected to Internal Pressure”,Philips
Research Repts, T (3), pp 189-196, June 1952.

Like thin-walled cylinders, Gealt with in a previous paper, bellows alss msy
become unstable when loaded by interasl pressure. The critical value of
this pressure, waich in accordance with Euler’s well-knowvn formula is governed

3
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by the rigidity of the bellows with reaspect to bending, has been computed

only for rectangularly sheped corrugetionsz, and has been checked experimentally.

175.
Jwa'ringx, J. A., "Nonlinearity of Corrugated Diaphragme", Appl. Sci. Res:,

Sect. (=), 6, pp 45-52, 1956.

Proceeding from the method of calculation for determining the rigidity of
corrugated Jjiaphragms given in 2z tformer paper, one is able to indicate what
degree of nonlinearity of the relations between load and daflection is to
be expected for large deformaticns. By means of aa exaample it is shown that
the introdusztion of the corrugations into the flat plate, though unsvoidably
ircreasing the initial rigidity, involves an importent gain in maximuz de-
flsction for the same degree of noniinearity.

176.
—  Baringx, J, A., "The Rigidity of Corrugsted Diaphragms", Appl. Sci. Res.,

Sect. (a), 2, pp 299-325, 1950.

When the corrugated diaphragm is replaced by a fictitious flat plate of
similar properties it is possible to darive a linear differential ejuation for
the deflection. The coefficients of ihis equation, hewever, vary in a coa-
plicated way and its solution for the pressure-loaded disphraga is only
given for thick end for thin sheets separately., For thick sheets the profile
of the corrugation appears to be inesgentisl, whereas for thin sheets it is
necessary to distinguish between trapezoidsal, triangular and arc-shapzd
corrugations. By an ocbvious device the results for thick and for thin sheets
are fitted together, so that the dsflisction can also be dstarmined for the
interm»diate renge of scdium shaet thicknass. The final rasults of the pres-
ent calculation are compared with measurements carried out by others and are
found to be in satisfactory agreement with the experiments. It is to be
remarked that, ccopared on the basis of small deflections, the introdustion
of corrugations into the sheet leads to s considarable increase cof rigidity
of the diaphrasm. The preveiling assertion that the flat plete is =more
rigid then the corrugated diaphrage holds only for large deflections, because
of the nonlinearity between the load and the dsfiection of the fluat plate.

177.
Hawthorze, R. C., "Flow in Corrugsted Hose", Prod. Eng., pp 38-100, June 10,

1963.

An analytical method for calculating pressure losses ie given vhich assuzes
that the corrugations behave as a series of unifornly speced crifices and that
pressure drop is caused by a succession of individual flow expansions. Test
results are given.
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Baythornwaite, R. M., ."Deflection of Flates in ‘the ElasticsFlastic-Range”,
Proc, of the Second.U.S, Netl..Congress for Appl. Mech.; ASME, pp 5213526,
1955.

The deflections of plates with circular symmetry are computed for an elastic-

plastic material that obeys the yield condition of Tresca and the associstéd .
flow rule. At any point on the -plate the entire:thickness is asmumed to! .
be either fully elastic or fully plastic. As-annular plats .simply suppcrted
at the outer radius and clamped to a centrally loaded rigid disc is analyzed

+ in detall, the simply supported circulsr plate with a.cemtral couicentrated
load being included as a limiting case. The testing of-a steel-plste is
described and the results obtained are compared with ‘the - theory. o

- . s . 't

li 20 . : - x ’ .
"High Precision Berometric Bellows", Engineering, 185, p 709, June 6, 1958.

Precision barometric bellows can be produced in any of the conventional
materials used for instrument and comtrol systems, i.e., phosphar bronze, 80-
20 drass, or aluminium brass alloys; and also in Nonel,- cypro-nickel and-—
stainless steel. A tolerance in spring rate as low as +10 percent: can be
provided, on a production basis. ’

ae

1800 - K - .. T .
T Hill, R., "A Theory of the Plastic Bulging of a Metal Diaphraga by: Lateral . .
Pressure”,. Phil. Mag., 41, p 1133, 1950. Ce .

Explicit formulas are cbtained for the stresses -in:a metal diaphragm which

is bulged plastically by lateral pressure. The predicted dnfluence of work-
hardening on the shape of the profile, and ou the relation betyeen.polar
strain and curvature, agrees well with experimental data. A simple expression
is developed for the imstability strain. . PR S

8. .. : . y .
Hise, E, C., "Design, Developuent, and Operation of. Metal-Disphragm Reactor-
Service Pumps”, Oak Ridge Natl. Lab., CRNL 2841, May 10, 1960.

Aqueous hamogeneous reactors require pumps capable of injecting relatively

saall quantities of hignly radioactive, corrosive fuel solution into the

high-pressure system. These pumps must have a long maintenance-free life; be
absolutely leak-proof, be resistant to the radiocactive and corrosive environ-

ment, and be easily replaced by remote methods vhen necessary. Hydraulically

driven metal-diaphrage.pumps-capsble ‘of: meeting these requirements were y
developed in the :Homogenaous Reactor Project .at (RML.. This report. susmar-

izes the development;-program, the -operating experisnce with the puxps in

tests and in reactor service, and the design information denived- fram the -
development program. c




182.

183.

184,

185.

T Hoffman, J. H., et al., "Diffusion Bonding Beryniwn Copper for Ultrahigh-.
St916~2ngth Joints", Welding J., Welding Res. Suppl., 41. pp 160s-166s, -April,
1

Bond strengths averaging 108,400 psi were developed in joining precipitation-
hardened beryllium-copper by diffusion techniqusas. This is in contrast with
an average of 40,000 psi obtained by ovdinary brazing techniques. :The: uniqu=
method of diffusion bonding rtudied in this program involved the. use of
molten alloys of silver and gold to fill discontinuities at the bond inter-
faces, These molten filler alloys were in turn, ccospletely, or in some
instances partially diffused into the base metals, resulting in sound.and
centinuous base-metal-to-base-metal bonds. Joints of this type produced
under high vacuum conditions, using a silver-copper-indium filler alloy,
resulted in the highest bond strengtns developed on this program; however,
those effected in dry hydrogen atmospheres (-80 F dewpoint or better) using
the same filler alloy, averaged 96,000 psi. Data were also developed on

the effects of heating beryllium-copper-a&t 1550 F and at 1475 F on grain
growth, elongation, redustioz in aree and elastic modulus to determine its
usefulness as a high-strergth fabricated material for unusual applications.

s
yd

Hopk.{ns, H. G., and Prager, W., "The Load Carrying Capacities of Circular
Plates”, J. Mech. Phys. Solids, 2, rp 1-13, 1953.

This paper is concerned with the load carrying capacities of circular
plates made of a perfectly plastic material that cbeys the yield zonditions
of Tresca and the asscciated flow rule. Various conditions of rotationally
sympetric loading and support are discussed.

. H., "Designing With Metal Bellows", Machine Design, 26 (1),
PP 37-"48 {&

This article summarizes principles of different applications of bellows,
the proper selection of bellows materials, determination of bellows propor-
tions, basic types of bellows assemblies, and assembly methods as they )
influence bellows specificationm.

Hu, W. C-L, "A Linearized Membrane Theory for Prestressed Shells of Revo-
lution”, Thesis, Stanford University, 196k.

The many new applications of expandable or inflatable structures demand a
theoretical study to elucidate the mechanical behavior of an elastic shell
membrane beyond the 1imits of the linear shell theory. The present work is
directed toward the development of a theory to determine the effects of

saall, axisymmetric loads on an inflated siaell of revolution, or, more
generally, on an elastic membrane, in the form of a surface of revolution,
which has been "prestressed” by a uniform inflating pressure and edge tractioms.
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186,

Hudson, G. E., "Theory of

The theoary presented in tt 3 e.z'v .4€ was developed in an attmt «o lecribe
the cbeerved motion and P! .c deformation of clmsped matal W

in certain underwatsr explosion experiments and in' certain mechanical:gages.
The approach enables one to set up certain eqmtions 4 lotiou, uhich w be
solved in finite form under certuin conditions. !me solutions em'ble

to specify, for instance, the firal deformed aiaphna proﬁ.le, the. diltri-
bution of thickness after deformation, the swing-time, vhich is tis total
time for deformation to take place, and many other qmntities. ) Ny

i§

188.

Hun'o, L. B., "The-History of Pressure-Responsive Iiszents”, J. Sci. -Inst.,
21 (3), pp 37-42, March 19%%.

Over one hundreil years ago Lucien Vidie, a lawyer end smateur scientist of
Nantes, carried out his experimental work on the measurement of atmospheric
pressure by means of a closed and evecuated metallic wessel; his first

patent was applied for in 184k. Much depends upon the indications of the three

types of pressure-responcive elements which heve been developed from this
work - diaphragms, flexible beliows, and Bourdon tubes - and it is of zome
interest, therefare, to look back into tne early histary of this form of
pressure measurement. For reasons connected with the elastic propérties
and behavior of these elements, with special reference to the materials
best suited to their comstruction, the writer had occasion to undertske a
careful search cf the literature. In the course of this search %here
emerged a number of points of historical interest which have not apparently
been recorded in any connect=d manner. The article outlines the general
sequence of events.

T Hurlich, A., "Properties of Materials st Liquid-Cxygen and Liguid-Hydrogen
Temperatures”, General Dynamics/Astronautics, February 28-March 15, 195T.

A survey was made of the properties of materials at liquid oxygen (=293 ¥)
and liquid hydrogen (-123 ¥) temperatures to assist in the selection of
suitable materials for propeliant tanks, bellows, and propellant lines in
a setellite missile,

189.

Husen, C, F., and HcClelhn, R. G., "Daveloment and Febricstion of Qani-
Directional Accelercmeters", Fird Motor Co:, Aeronutronic Division, July
19, 1963 -(W64-1270).

A description is given of & pressure tm;ducu' vhich is mounted so that
the disphragm is at the center of the mercury cavity. 8Solid-state strain
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Ib'draulically Formed Seamless Metal Bellows", MNachirery {London), 'ﬂ* (1893)
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elexents are bonrded to the back of the presmre-lensing diaphraga and are
wired in a full Lridge circuit to convert the preas\n-a-indu"cd strcn to
high-voitage output. ¥he diaphragm has a "ery high natunl freq;kebcy‘which
eliminates problems assceintsd with its use as the :Senaing ‘element_ in“an
accelercmster. A heavy integral flange permits installstion with miﬁiﬁm
case distortion.

pp 131-136, February 3, 19%9.

In the process of manufacturing seamless metal bellows, a thin.walled closed-
end tube is caused to flow contirnusly under an internal fluid pressure of
several hundred pounds per sy in. in & collapaible die. The latter cons‘!sts
of a series of plates equal to the number of convolutions required, spaced
equidistantly surrounding the tube. The internal pressure causes the matal
to flow transversely between the plates ae the tube collapses endwise to form
the bellovs in one continmious operation. No annealing is performed on the
bellows after forming. A perticuler advantage of the process is that the
amount of coid working applied to the material is unger close control. This
results in a very uniform grain structure and well thickness, which is of
particular importance at the curved roots and crests of the convclutions,
where most of the ioad during flexing in service is carried, and where fail-
ure of a bellows invariably occurs.

191,

Irvine, C. N., and Barnett, J. H., "State-of-the-Art Literature Sucvey on
Fabrication Techniques of Advarced Ducting Components”, NASA Tech. Memo.

The purpoege of this state-of-the-art literatu-e survey was to determine

and define the manufacturing techniques required and the process difficulties
likely to be encountered in the fabrication of elbows, bellows, aund ducting
assenblies for uoe in advanced ducting syltels ranging from 2 inches to 50
inches in diameter. The repc:t briefly covérs the méthods currently used in
elbow, bellows, and ducting fabrication as well as some alternate nethods
availsble and new wethods under development. Sose information conc.rnins
the properties and fabricabiiity of several aluminum, iron-buse, nickel-bue,
and cobalt-base allqys suitable for use in cryogenic ducting systems is

also presented. The survey indicates that advancements in the state of the
art of fabricating large-dismster elbows, bellows, and ducting will be nec-
essary for new, larger ducting systea applications.

192.

m———n s

Jackson, J. D., Miller, P. D., Boyd, W. K., aod Fink, F. W., "A Study of
the Titanium-Liquid Oxygen Pryophoric Reaction", WADD TR 60-258, March, 1960.

A reviev of the literature indicates that titanium is impact sensitive

under liquid oxygen below the acceptable limit for other metcls. An experi-
mental program was begun to determine the mechsnism of the titanium-LOK
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reaction. Several factors were investigated singly in & ccatrollyZ gaunes
using unalloyed titanium (75A) and an alloy (6A1-4V) that wsre carefilly -
cleaned. The factors were: (1) “xpesure of a firesh sirface by frastire
and tearing; (2) deformation by impact using stecl balis; (3). izpact of smeoth
specially cleaned flat surfaces; {4) LOX pressurs und velocity; (5) galling.
The results from thie program indicate that no one of the above, per se, is

a8 primary cause of this reaction. A nroposed mechenism is that heat gen-
erated by impact produces a gaseous oxygen, vhich is compressed at local sites.
A fresh surface exposed by the impect reasts with the high-presaure gassous
oxygen. Propagation is dependent or the smount of heat generated asd the

rate of heat loss from the affected area. -

193

Jackson, J. D., "Carrosion in Cryogenic Liquids”, Chea. Eng. lrog., 57 (),
pp 61-6, April 1961,

The large use of liquid propellants in missile gystems has brought many
serious problems to the misaile designer and the materials enginker. One
important problem is- the corrosion behavior of materials of coastruction
under the various exposure conditions of the missile and the auxiliary
equipment. In the missile, short-term exposure occurs; however, the materials
may be stressed almost to their yield strength. In the auxiliury ecuipmext
(such as storage tanks, pipelines, and pumps), long-terx exposurs, under much
less severe strength requirements, occurs. This article diecusses corrosion
behavior and mechanical properties of metals used in handling liquid oxygen
and liquid fluorine.

19,

1

Jackson, J. D., and Boyd, ¥. K., "Compatfbility of Prop-._ants 113 end
114B2 With Aerospace Structural Materisls", Battelle kewmorial Institute
IMIC Memo 151, April 27, 1962.

Considerable interest has been generated rzcemtly in the use ¢f two fluorisated
hydrocarbons (propellants 113 and 114B2) because of their moderate boiling
point 3ud low specific heat and heat of vaporization. These compounds are
being considered as propellacts for vernier rockets which are used for
stabilizetion of missiles and spacecraft. For this reason, the corrosion
properties of these fluorinated hydrocarbone have been investigated with
metals commonly used in missile applications. This memorandum presents the
corrosion data and summarizes certain physical and chemical prorerties of
propeliants 113 and 114B2,

.J’ackson, J. D., and Beyd, W. K., "Reactivity of Metals Wita Liquid and Gaseous
Oxygen", Battelie Memorial Institute DMIC Memo 163, January 15, 1963.

Since the first cbservation of a violent reaction in early 1959, the coampati-
bility of titanium and iis alloys with 1iquid oxygen (LOX) has received
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considersble attention. Initially, laborstory investigations vere priwmarily
limited to impact studies utilizing the ABMA iwpect tester or modifications
thereof. Later the Air Force initiated a program to determine the mechsnisa
of the reaction. The results of these early studies were previcusly: sum-

parized in IMIC Memoranduz 89, dated March €, 1961. Mare recently; the-factors

necessary to promote reactions between titaniux and liquid- or gaseocus-.oxygen
(GOX) beve bsen studied under conditions-simfiar to those which would-b2 en-
countered in missile and space service. It is the purpose of this memorandun

. to sumarize the present state of the art in the light of both past and
. nresent developments,

~

-

196>
Jackson, J. D., and Bayd, W. K., "The Coapatibility of Materials in LEM.

Vehicle Tank With Kitrogen Tetroxide During Vibrational Impact”, Battelle
Memorial Institute, NAS 9-1100, Jamuary 1, 1954, to present.

The LEM oxidizer tank is to be constructed of Ti-6A1-4V, which may-bz impact
sensitive to Mp(% under vibrational impact associated with lunar landing.
Impact dsmage of the thin 40-m3) sheet (stressed to 100,000 psi) was cbserved
at sbout 20 in.-1b of force. No reactivity between Ti-6A1-4V and Mo was
found when impacted with either 2014-TG aluainuam or Teflon for 39,000 cycles
at about 6 in.-1b. No reactivity was observed in fatigue experiments where
iofresh surface or chips were produced. Fatigue failure did occur affer only

cycles at an impact level of sbout 11 in.-1b. BHeat in the amocurt of 2
to 4 Btu/min was generated by the vibrational impact. .

197.
Jaffee, R. I., et al., "Forming ard Heat Treatment of Corrugated Disphragns”,

ASM Trans., k1, pp 460-47T, 478-479, 1949.

The smount of cold deformation resulting from forming ccrrugated diaphragms
of beryllium-copper, 60:20:20 copper-nickel-manganese, titaniua-Elinvar
(Ni-Span C), and Grade A phospuor bronze was evaluated and fuund to comsist
of a saall over-all elongation viich wvas made up of larger localized eionga-
tions of 5 tc 10 percent maximum reduction at the tops of corrugations and
smaller localized contractions at the bottoms of corrugations. The specific
effect of cold work on the age-hardenivg response was determined on sheet
material. Tensile tests on material age-hardened in the as-received condi-
tion and with en additional cold reduction of the arder of 10 percent reduc-
tion of thickness indicated tbat the effect of this amount of cold work wes
negligible insofar as the time dependence of the aging curves was concerned.
The conclusion was drevn that as far as mechanical properties are concerned,
a diaphragm can be heat treated according to the age-hardening curve cf the-
unformed sheet stock without danger of overaging the aost deformed sections
of the diaphrage.

~anssen, 0., "Asymptotic Integration of the Differenmtial Equation for &

Special Case of Symmetrically Loaded Toroidal Shells", J. Math. Phys., 39
(1), ?p 1.17, Ap‘!‘ﬂ lmo

This paper deals with a special case of toroidal shells where the meridian
53
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circles have the sxis of rotation as ccswn twnt a_tt,uhs o"i‘cln m
smell deflection theory of thin shells Iuds tc s ditfnmtm eqwlt
which is given. The purpose of this faper is %o prenent a név and | -om
accurste »othod to obtain ithe particular integral of éqmticu or £8s.
asme type.

L
2. .

Jenny, C. J., Disphrags Devrice”, U, 2. Pateat 2,162,308, June 13, 1939.

The invention relsies to expansibie &uéd contractible disphrsgm devices such

as diaphrage devices comprising sither a single flexible metal disc wga/
vill deflect wisn svbjiscted to &ifferéutial pressures on the siles .

or & peir of fiexible metal disse joined together to f}'r(‘
chazber which wil'. expend and contract due to »a preg
the inside cr out side of seid chamber. Maore pirti
relates to the eli xination of tewperatufre

200;
T Enechele, L., "Beview anY Analysiz cf Cuauistive-FPstigue-Damage Theiries”,
Rand Corp., 90 pp, August 1963 (M63-21169).

An investigation of the basic concepts of cmﬂ.ative damage and a comperisca
of several current cumulative-fatigue-damage theories are presented. It

is shown that cumiiative-dasage thecries can be categorized b;' deternining
the basic assuptions they contain regarding (1) how to properiy add together
the damage procduced by each stress cycle, fhenm different cycles are
=ixed together, and (2) how damage progresses at one stress level.

Seversl current cuzulutive-damsge thecries are examined and compared in
terms of prediction of fatigue life under spectrim 1oeding. The isportant
consequence of differencss in the theories considered is not Aiftevent pre-
dicte2 lives, by’ rather differences in the cmount of msterial that will
provisiz & cpeciZied lifetime, as found by spplication ot the thearies in
desim.

201.
T Kmechels, L., "Designing to Prevent Fatigue Failures", Rand Corp.,
25 pp, Yabrusry 1955 {AD 611267).

There sre thrée mein prodiem arcss in preventing fatime failures: prediction
of the fiuntusting stresses that csuse fatigue, Tehavior of the stridturel
mterisl uciergoing these stresses, snd scatier in stresses encountered in
service and in fatigue behavior. This paper concentiates ou these major
problem aress., The dats mo#t important for dasign, and some techniques for
using these dxis, are presented and Jiscussed. The designer's rale in seiect-
ing the fatigue Troblems iheat should be studied is esphasized.
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~ Kalnins, A., "Anslysis of Shells of Revolution Sjected to Syuetricnl
and Nousymmetricsl Loads”, ASME Trans., pp 467-%76, Septesber 196h.

The boundary-valus problea of deformation of a rotatiomslly . q-ztric«tbell
is stated in terzs of a pew system of first-order ordinary differsntial
equations which can be derived for any consistent linear-bending tbeory of
ehells. The dependent variables contsined in this system of equations are
those quantities vhich appear in the natural boundary conditions on & rotnji
tionally symmetric edge of a stell of revolution. A numerieal method of
solution which coubines the advantages of both the dirsct integration:-snd the
finite-difference approach is desveloped for the analysis of rotatiomaily
syametric shells. This pethod eliminates the “oss of accuracy encountered
in the usual applicetion of the direct-integration approach to the amlysis
of shells. For the purpose of illusiration; stresses and displaceaents of
a pressurized torus are calculated a.nd detailed numerical results are
presented,

203.

Faplan, Yu. I., “Calcuistions for Spatiasl {or Thwree-Dimensicnal) Construction”,
Raschet Prostranstvenczkk Xomstruxt., VIIT, 1953 (in Russian).

This paper considers a nusber of probl.as involving toroidal shells includ-

ing toroids filled with Iiquid, noncircular toroids, and tcroidal bellows.
Solution is obtained in trigonometric series using energy methods.

a)ko
Kegley, T. ¥., Jr., and Hammcnd, J. P., "Bellows Failure in Solid Separstion
Loop of the ERT Mockup”, CRML Rept. CF-57-2-24, Februsry 5, 1957.

The fatlure cf a valve bellouz appeared to be due to & cambination of stress
corrosion ani crevice corrcsion. S8tress corrosion occurred as evidenced

by the transgranular braached cracking found in the belloss and in the Lage
vhich was joined to the bellows. It seemed probable that chlorides were
present, which, along with the residual stresses present in the bellows
ansesbly, created the necessary conditions for stress coarrosiom to occur.
Crevice corrosicn occurred probably due to heavy deposits of solids st the
base cf the bellows, vhich created a condition of oxygen impoverishment.

:\é

neppc, S« R., "High Pressure Expansion Joint Stulies”, ASME Paper No.
55-PEr-10, July 1955.

The need for a high-pressure expansion joint ia a process unmit
ws3 encountered by the Esso Resesrch and Engineering Company in the design of
a wapor heat exchanger of a fluid hydroformer. Past failures due to stress.
corrosion cracking of thin-walled, low-pressure expansion joints prospted
rejsction of the best commercial high-pressure joint; namely, the-torus type.
Tpis vas because this shape joint could only de fabricated to & maximm
thickness of 0.078 in. Yor this instailstion a thick-walled semitorus
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expansion joint was employed, for which an experimental stress amlysis vas
made to establish movement and nressurc design limits. These data were:
then correlated with thecry and & general design formula was established. :

A 7]
N

Klingbeil, BE., "Zur Theorie Der Rotstionschalen vom Standpunkt Mmseriscber
Rechnungen”, Ingr. Arch., 27, pp 24%2-249, 1959 (in German).

This paper d:.l.scuues the interrelation of the sheli equations of Meissner,
PClke, and Minz. The Minz equations are four first-order coupled equations

vhich are the appropriate form for the direct numerical integration methods.
No mmerical examples are given.

-

3 207
Klosner, J. M., and Levine, H. S., "Further Comparisons of Elasticity and
Shell Theory”, Polytechnic Inst. of Brooklyn, PIBAL Rept. Xo. 683, July 1565.

R The problem of an infinite circular cylindrical shell subjected to periodi-
=3 cally spaced axisymmsetric band loads is investigated using a Reissner-Taghdi
e B higher-order shell theory. The generalized equilibrium equations, wh’ch
inciude the effects of transverse normal stress and transverse shear deforma- =<

ticn, were successfully uncoupled, and an expression describing the transverse

3 displacement of the median surface was cbtaZned. The solution of this ex-
pression was then used to caliculate the stress resultants, stresses, and ¢
T displacements. A comparison of the resulting stresses and displacements
v : with the exact elasticity solution and som2 lower-order shell-theory solu-
’ tions of the same problem was carried out for ratios of inner to outer shell

radius egual to 0.7, 0.8, 0.87, 0.9, 0.93, and for a ratio of distance be-
‘ween band loads to outer shell diameter equal to C.2.

cledl

m.

Kooistra, L. F., and Lemcoe, M. M., "Low Cycle Fatigus Research on Full-Size
Prenu;aVesnls", Welding J., Welding Res. Suppl., &1, pp 2978-3073,
July 1962. .

i ',)rﬂ»:e't'tpi:' Tl spadiond 3 e Sl
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! This paper discusses the resulis of an experimental study to determine the

' low-cycle fatigue characteristics of full-size pressure vessels incorporating
a variety of nozzle configurations of interest to the reactor desigaer and
pressure-vessel industry at large. MNumerical data on stress and strain

- concentration factors, redistribution of strains upon cycling, and a descrip-
f“ﬁ tion of cyclic test facilities are included.
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4 Vessel Testing and its Application to Design™, ASME Paper No. 63-WA-294, 1963.
i"‘f The results of fullesize pressure-vessel tests are summarized and used to

i demonstrste the validity of design procedures developed by others. In
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particular, design for low-cycle (plastic) fatigue strength and fracture
safety are investigated. The results justify the design stress recomsenda-
tions made by PVRC to ASME and coafirm the ML fracture-analysis disgram-
proc2dure hypothesis. It is emphasized that full advantage can be taken of

high-strength materisls only by improvement of fabrication and inspection
procedures.

210,

" Korneki, A., "A Thin-Walled Toroidsl Snell Under Uniform Pressure Losd”,
* Rozpravy Inzynierski, & (1), pp 119-172, 1956 (in Polish).

This psper presents an approximate solution of the toroidal shell bounded
by two perallels and loaded with uniforz pressure. Both the homogeneous and

particular solutionz are obtained by asymptotic theory in terms of tabulsted
functions. Several exawples are pres=uted.

211.
Kornecki, A., "Symmetrical Deformation of a Thin Toroidal Shell of Ellip-

tical Cross Secticn”, Bull. Res. Council of Israel, Sect. C, 7 (1), 1959.

This paper presents an apgroximste computation method of stress and strain

camponients in a thin-walled toroidal elastic shell of elliptical cross s2ction,
limited by two parallels ard loaded arbitrurily dut symsetrically with respect
to the axis of revolution. Making use of E. Meissner's variables and neglecting

saall terms, the vrobiem is reduced to the deterximation of & complex
function X(0) satisfying a differential equation with suitadble doundary con-
ditions. Applying asymptotic methods of integratiom, the sclutiom in
closed form is fournd, the desired function X being tadbulated or expressed
ty means of simple asymptotic formulas.

Exrnecki, A., "Asymptotic Solution of a Toroidal Shell Subjected to Noo-
symestric Loads”, AJAA Journsl, 2 (11), November 196k.

This paper considers an asymptotic solution for a shallow tcroidal-shell seg-
asnt for arbitrsry nonaxisymsetric loads varying slowly in the circumfer- -
ential direction. The solution is cbtained as a power series in sin 8 vhere
@ isthe angle between the normal to the shell and the center line. The

solution converges only for the condition vhere the absclute value of 8 is
less than x/2.




213.

~ Kraus, H,, "A Review and Evaluation of Computer Programs for the-Analysis:
: _of Stress in Pressure Vesscls”, Pratt-& Whitney Aircratt *PWA~2516 mm
= 1963 - September 1964. .

T hY »

It has long been the aim of the Pressure Vessel Ressarch c«nittee tb~ii\‘xt
E the analysis of pressure vessels on a firmer basis, and ae a result, & -7
review and evaluation of existing camputer solutions va.s undertaken. After N
conducting a literature review of The subject of computer programs for
pressure~vessel analysis, the authors of the most prouising programs were
contacted in order to determine their willingneas to furnish copies of their.
programs snd instructions for their use. - The field of possibilities waz
narrowed to four programs whose suthors gladly furrished computeér decks and’
instructions for thelr use, A £ifth program was cbtained but couid not de
studied because it was written in a language incompatible with the com= ~
puter installed at the authcr's compeny. This report sumsarizes the findings.
It is srranged into three major parts as foilows. The introduction presents
a sumnary of the eghations of shell theory, & review of the literature on.
canputer solutions, erd a discussiocn of the main methods of solution that
are employ2d in the computer programs. The secticn, Comperison of Computer
Programs, discusses the most interesting programs which have been found and
presents information on the scospe of each, ease of use, running time, numeri-
cal results for sample caues and 50 on. Finally the Discuseion and Conclusion
sections give a summary of experiences with an evaluation and: recommendations.
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21k,
" Kudrin, K. 8., "The Strained State of & Folded Sinuspidal Bbsll" Izv. AN SSSR,
OTN, Mekh. 1 Mash., 5, pp 143-150, 1959 (in Russian). *,

This note considers a bellows .with shallow sinusoiﬁal convolutious. The .
author considers axial and pressure loads as well as thermﬁ. stresses,
Formulas are developed on the assumption that the corrugation depih is small
canpuealﬁo the cylinder dismeter. Some calculations are made :howing the
thermal stresses for different corrugation depths.,

215.
“~Kunasaka, T. T., and Barnet, J. W., "Predicting lletalworking Properties From
Tensile Test Data", Metal Prog., pp 8k-86, )brch 1065,

The fabricating characteristics of metals and nomemllics can be rated by
numerical factcors derived frax tensile-test data.: Once the dasic equations
are derived, the me*hod is simple. Experience in the.shop confirms the
ratings,

216,
T lakhtin, A A., "Calculation of Certain Elewents Which Include Torus-Shaped
MS", InZho 'bo, &2y yp 66",7, 1%8 (in Ru!!i&n) ‘-

The asymptotic treory of ¥ovorhiiov is used to develop tables of influence
coefficients for semitoroidal shell segments.
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218,

219.

x

Lazont, E. A., "The Development of Advanced. Cryogémic-Preisire. Svitoha F
For Ballistic Missiles", Freebank Co., March 1960 (AD:2k0155): —~ [¥'» .0 5%

This report describes a research and development program for the'develop-
ment of advanced cryogenic pressure switches., Two novel<pressuvesswitéh
concepts using diaphragms were discovered and proven-experiméntally. Al
vanced techniques of omnienvironmental testing were employed. One ‘#vitch
was developed that was zdjustable between 100 and 1000: psia. Aadther “switch
developed was adjustable for actustion between 10 and 100 pgig. Both
switches had a unique deadband adjustability. )

Langer, B. F., "Design of Pressure Vessels for Low-Cycle Fatigue", J. of
Basic Eng., pp 389-402, September 1962.

M=thods are described for constructing a fatigue curve based on strain-
fatiguz data for use in pressure-vassel design. When this curve is u_a'er‘;lj,
the same fatigus strength-reduction factor should be used fcr low-cycle as
for high-cycle conditions. When eveluating the effects of coabined mean and
alternating stress, the fatigue strength-reduction factor should be applied
in both the mean and the alternating component, but then account must be
taken of the reduction in mean stress which can be produced by yielding.

The complete fatigue evaluation of a pressure vessel can be a major task for
the dssigner, but it can be omitted, or at least drastically reduced, if
certain requirements can be met regarding design details, inspection, and-
magnitude of transients. Although the emphasis in this paper is on pressure-
vegsel dasign, the same principles could be applied to any structure made of
ductile nmetal and subjected to limited numbers of load cycles.

Laupa, A., and Weil, N. A., "Analysis of U-Shaped Expansion Joints",J. Appl.
Mech., pp 115-123, March 196€2.

An elastic analysis of U-shaped expansion joints under axial loads and in-
ternal cr external pressure is presented. The analyeis employs the energy
method faor the toroidal sections, and the theory of symmetrical bending of
circular plates augmented by thick-walled cylinder analysis for the annular
plate connecting the two toroidal sections. The general solution permits
the investigation of any U-shaped expansion joint falling in the range of
thin shells, far any arbitrary combination of axial force and pressure
loading. Different forming radii may be assigned to the inner and outer
toroidal sections, and it is permissible to vary the average thicknesses of
the two toroidal sections and the intercomnecting annular plate independently.
Fxpressiuns are given for the load-extension and load-stress characteristics
of U-shaped expaasion Joints, and a numerical example is presented coaparing
the present solution with results of existing approximate analyses. The
method presented here lends itself readily to programming on an electronic
computer.
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T Lazan, B. J., "Creep-Fatigue Interacting:-Under Cyclic Loiding’ cai’aittm-',
Amc Aeron. WBtemB DiVo, ¢ m-63-m m 1%3. T s fady TOF

The limitations imposed by synergistic.or interaction phenomsna. mwtbe ’v‘ll:ldity
of linear superposition and summation appro.chel are discuned. AR pcr-*
ticular, single-variable data are. shown:t¢ be gererally inadequtc fou:‘rre- .
dicting mechanical properties under combined loads.and enyiromments:: . .
immensity of a testing program required to investigate all important.combina- T
tions. ot load and environment is illustrated and the significant rcdmtion-

possible if synergisms are known is demonstrated. The operative aicrosechan-

isms and synergisms under combined static and fatigue loading are discussed,

with particular reference to microstructural changes of mechanical and chemical

origin. Analytical methods for predicting creep and rupture under varisble

stress from static creep data are reviewed and compared with experimental
results.

Lee, G. H., and Van der Pyl, L. M., "Bibliography on Diaphragss and Ana'oids”
m Rw ’O. 55-A-1&, Th pp, 1”50

This is a comprehensive annctated bibliography of the available publiahed
data on diaphragms and anerocids up to the end of 1954.

lepik, Yu. R., "Equilibrium of Elastic-Plastic and Rigid mct:lc Plates "
and Shells", Inzh. Zhur., IV (3),.pp 601-616, 1964 (in Russian).

This is & survey article of the developments of the eluto-phttic theory
of plates and shells for about 20 years prior to 1962. The bibliography
includes 160 Russian papers and 91 non-Russian papers.

Li, Y. T., "High-Frequency Pressure Indicators for Aerodynamic Problems",
NACA Tech. Note 3042, 52 pp, 1953.

Three different types of pressure indicators developed at the hluchuutts
Institute of Technology are discussed in this paper. Zach of these mn-
cators has a unique feature, but all were designed in an attempt to combine
both high-frequency response und high resolving power into one instrument.

Of the mechanical-electricsl-transducer type of pressure indicator, the wire
strain gage leads in simplicity. The capacitance type is more versatile
because it permits the use of very high frequency carrier systems and thereby
cuts down the effective interference in the electronis system. The system
utilizing the stretching of a barium-titanate disk produces large lisnnl
and- results in compect design, but it can only be used for dynsmic messure-
ments vhen temperature variations sre slight. Five different types of -
pressure receivers, the cylinder, flat-disphrags, spherical-diophragm, catenary- *
diaphragn, and stretched--diaphraga or membrane types, were tested. The .
flat-diaphrags type leads the others in simplicity, the spherical-diaphragn

type exceeds in dynamic performance, spd the mmw ‘is the

one least affectsd by temperature change.

.




22h.

‘Listrova, Yu. P., and Rudis, M. A,, "Limdt Equilibriua of & Térofdal Sie)
Iev.; Akad. Neuk 8SSR, Obd. Tekh. Nauk, Mekh. i'Wash:, 3,°¥p 199-153; 1963
(in Russian). . IR A s Tt <
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This paper considers the limit load of & semitoroiddl shell clmiped st §: = 0
and § = x. For this case the shell i@ nearly in a senbrade stréss stete,.

It is assumed that the shell 1s made of rigid-plastic aateriai and 13 loeded
by pressure. Corale F

225, . -
Little, R. E., "A 8implified Method for Determining Fatigue Stress Using. .
Mohr's Circle”, Machine Design, pp 143-148, March k, 1965.

Fatigue cracke are initiated by alternating shear stress and propagated by
alternating ncrmal stress. Comsequently, maximum amplitude of -thesé stress
components must be calculated in fatigue analysis. Mean-stress ccaponents
acting on the planes of maximum amplitude of alternating stress also influence
fatigue strength and must be determined. This article shows how Mohr's circle
can be used to determine and visuslize easily and quickly these camponents

of cyclic stress. This approach also provides a convenient mesns of inter-
preting visually fatigue-test data for various states of combined stress

with superimposed mean stress. . - -

226.
Losco, W. F., et al., "Pressure-Deflection and Fatigue Properties of Zircaloy
Diaphragas”, Beitis Atamic Power Lab., WAPD-T-1228, 63 pp, July, 1960.

Plate type fuel elements containing compartmented and unbondéd cersmic fuel
are of considerable interest because of their high thermal performance ani
long life capabilities. The unbonded Zircaloy cladding over individual

fuel compartments in these plates are essentially thin diaphragas, fixed at
the edges, and are subject to deformation under the action of hydrostatic-
pressure. The pressure-deflecticn and fatigue characteristics of such
diaphragms, under a variety of out-of-pile temperature and pressure conditions,
kave been deterained and are described in this paper. .

2. Low, E. D., "The Use of Pneumatic Disphrega Units", Instr. Eng., 2 (5),

pp 85-91, April 1958.

The principles of operation of pneumatic diaphragm units are described.
Their use in performing simple operations with air-pressure signals is
indicated, and it is shown how they may be over-comnected to provide nore
complex air-pressure relationships. Examples are given of their application
to automatic control. ’ -
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228. . ."r‘..:{,}";‘.'-‘i - 7 i ¥
Lyon, F. H., and Grover, H., J., "Scme &)&gltims for Research 1,,—9(‘,55‘@ =
Technology”, ASME Paper No. 56-A-221, 9 pp, November 1956. S .

A number of suggestions for research had appeared in the literature lnl -
others had been advanced to the ASME Diaphragm Sibcaimittee. These m
discussed in this paper from the desizgn viewpoint. The presermiation id. 1n-
tended %o provcke discussion and suggest pocsibly illuminating dpprosches ‘.
to certain probleas.

229.
McCluren, S. W., and Best, J. H., "Plastic Strain Accumulation - New Fatigue
Life Farecaster?", SAE Joumal, 73 (9), pp 68-75, September 1965.

The behavior of a group of aerospace materials under repeated loads at.
high uniaxial and biaxial stress levels to prodince low-cycle-fatigue demage
has been evaluated. The results suggest that plastic-strain accmlation
may be a better predictor of fatigue life than Miner's theory

230, : :
- McKinney, G. E., "Metal Bellows", Mech. Bng., 79, pp 573-574, June 1957T.

As discussed in this article, the formation is one of the more difficult -
steps in bellows manufacture, since final wall thickness is rarely more

than 0.00% in. to 0.010 in. Extremely caref:il control of tube dimensions

is mandatory, since the characteristics of the finished bellows depend in a .
very large degree on the condition of ‘the metal, the final diunsions, and

uniformity cf the walls in the bellows tube.

231. .
"}hch:lned Bellows are Light, Resist Fatigue”, Spuce/kron., 3, rp 6ob63,
December 1958.

The article describes the advantages of machined bellows. Methods of
fabrication and application are outlined and typical size ranges are given.
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~ Makarov, V. M., Lakhtin, A. A., and Lovtskiy, E. V., "The Possibility of
Using Convoluted Bellows Under High Pressures”, Khim. lkshinostr. »-3; PP
26-29, 1959 (in Russian).

This paper gives some experimental measurements of streas for a semi-. -
toroidal and U-shaped bellows under internmal pressure and axial loads and
compares them with a theory developed by Iakht:ln (not described).
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233.
Marcel, P. V., and Turner, C. l., "Elastic 8olution in the Iuilit Ml\]‘! Lo}
of Shelle of Revolution With Specisl Refarence to° !:gpansionfﬂell'" 3 "2 Mach
Eng. 8Sci., 3 (3), pp 252-25T, September 1961, ' '*~»~‘=:-:~ﬂ---r-t.u

The elastic solution is used td calcilate lower and uppér biunds: 58 %trr
cally ioaded shells of' revolution. In ordér to ‘cbtain’ the" \’ipj“:e ‘bggj}}d{“
nusber of circmscribed yield surfaces sre used to m?rodu\.e (3 ﬂ.

ism. 'The results cbtained are compared with expérimental ‘and’ at fhﬁ-
avalysis results.

23k,
Marcal, P. V., and Turner, C. E., "Numerical Analysis of the Blastic-l‘mtic
Behaviour of Axisymmetrically Loaded Shells of Revolution”, J. Hech. __l;:s..
Sei., 5 (3), pp 232-237, 1963. :

Equations have been derived vhich enable a numerical a.naJysis of msymetri~

<train laws. MNumerical results are preeented for the case of an elastic-
plaztic axially loaded carrugated expansion beliows.

Marin, J., Paper from Progress in Applie} Materials Research, VI, pp 3-39,
1964, fwrdon & Breach, New York. '

This paper aurveys the fields of plastic and creep properties of ensineerinq
materials as related primarily to the macroscopic stress-strain or mechanical
behavior of materials.

lhrtin, D. E., "An Energy Criteriocn for Low-Cycle Fatigue™, ASME Trans.
83D, %, pp 565-5T1, December 1961.

A low-cycle fatigue criteriop is proposed which emplcys as an index of damage

the portion of the tlastic-strain hysteresis which is associated with the .

work-hardening segment of the stress-strain relation. This dsmage work-energy
ction provides a theoretical basis for the plastic strain-cycle equation:

2 pe = C, which was previocusly esdvanced espirically. The constant C in
this eguation had previously been approximated by Coffin (AMR 1%(1961), Rev.
3562) cn the basis that a tensile ‘test is equivalent to & 1/h-cycle fatigue
test. Author evaluates C on the basis of energy sbsorbed dmring work-
hardening alone in static tensile tests. If ¢p is the static fracture
duetslity he finds C equal to sy divided by the square root of 2 while Coffin

has found C equel to ¢p divided by 2. Author compares his value with pud-
lished low-cycle fatigue tests to £ind better agreement for room-tespersture
tests than Coffin but poorer agreement for elevated.temperature data.
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“The Martin Company, Test Rept. No. 11006, "Evaluation Teist of Insuh't'cd ‘
Flexline", July 31, 1961 (AD 28371k). T
This repcet presents the test prucedures used and the test ruult: Sbtained
during the evaluation of an insulated 2-in. flexible tu‘bing connector
designed for use with nitrogen tetroxide propsllants. The tests included
nitrogen flow {18-21 1b per nin., 15 psi, 400 r; Aftrogen and n:l\.roaen- )
tet1)-oxioe fiow (k-1 1b per rin., 13 psi, 100 F), and static¢ pressure (75
psi).

238, .
The Martin-Denver Co., "Qualification Test Report of Aluminum Welded Bellows",

Aug'&St 23’ 1961. m 115.70.69-00-?3-01.

The tests of a 13-inch-dismeter aluzinua bellows included visusl examine~
tion, proof pressure (35 psig), spriag rate determination, ultimate pressure
(90 psig), and life cycling (450 compression cycles).

239.
The Martin-Denver Co., "Flight Certification Test on Cxidizer Pressure
Line", Deceaber 26, 1961 (AD 295351).

Tests of two flexible metal hose assrmblies included visual examination,
pressure and deflectior cycling, leakage (bubble), pressure (165 psig),
pressure drop (1.43 1b/sec GMp), vibration, operational cyeling, and
burst (1650 psig).

2ho.
T The Martin-Denver Co., "Flight Certification Test on Pressurization Line",
December 1, 1962 (AD 296626).

Tests of two flexiblie metal hose assecablies included visual examinatiom,
life tests (45 psig pressure, deflection and misaligrment cycling), proof
pressure §°05 psig), vidbration, flow, operational cycling, and burst (820 -
1010 psig

241.
T The Martir Company, "Qualification Test Report of Flexible Metal Bellows",
T.R. 2111, June 22, 1961. IDEP 115.70.69.00-F3-02.

Tests of a L-inch welded bellows included spring rate, pressurization

(external to 70 psi), life cycling under pressure with full extension and
compression (450 cycles', and ultimate pressure (120 psi).
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= The Martin Company, "Metallurgical Investigation of Leakage in Missile, - == N
B-66 Stage II Oxidizer Feed Line Bellows", June 15, 1964, IIE® 115, 76 69.00-F3-0L.

A nitrogen tetroxide leak was caused by stress.carrosion between the inner
and outer plys because of entrapaent of chloridn-containins contuiuntn.
Because residual stresses caused by forming nethods and msttllation require-

ments can alvays be expected, cleanliness between the two plies is of- the
utmost importance.

243,

24k,

Matheny, J. D., "Bellows Spring Rate for Seven Typical Conmlution &npes,
Data Sheet", Machine Design, 3% (1), pp 137-139, January b, 1962,

A beliows is amalogous to a spring. Eeversl thearies have been develored
to give load-deflecticn relationships for different bellcws configurations.
Formulas based on these theories are presented for determining the spring
rates of T typical convolution shapes.

lhtheson, H., and Eden, M., "A Highly Sepsitive Diffmpti&l Manometer”,
Rev. Sci. Inst., 13, pp 502-596, 1948.

This paper dncr:lbes the construction and perfurmance of a dirterentm
manometer with a seasitivity of 0.001 mm.of mercury over the range of sb-
solute ressures from 1 mm of marcury .to 1 atmosphere. The sensitive element
employed is a pair oi nesting diaphragys, displacement of vhich is measured
by the resistive uibalance of an unbonded electrical displacement gage to
which the diaphragms are attached. Calibrations are presented for the sensi-
tivity at 1- and 10-ma gage current. Data are presented which indicate the
operating characteristics under varying conditions of absolute pressure,
tarperature, gage current and geometric orientation.

2hs.

Mathews, C. C., "Picking Metal Tubing for Flexing Uses”, )Q{:r. in Design
BEng., May 196k. )

Constant metal movement makes tubing used in flexing perts prone to-fatigue
failure. This diacussion of flexing applicaticus is not limited to those
end uses specificrlly designed to provide flexing actiom, i.e., Bourdon
tubes, bellows, flexible motal hose, etc. It includes those spplications
where metal movement is unwelcome and usually caused by pressure surges or
equiprert vibration, i.e., pressure tubing, hydranlic iines, diesel engine
fuel lines, aircraft parts, etc.
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246, ’ .
Matt, R. J. . “"High srature Metsl Beliows Seils for Alrs
Accessories”, J. of i for Ind., pp 281-283, Aumist 19583:

T~

In this article the’ following conclusions are madv: (1} ne;ls opirs”ﬁwmf
a vide teaperature range require greater mchicn end: duiqi‘ a’nﬂ,yl -t

‘,»,.L

the standard cartridge seals used in most rotary equipsent; "(2) the ef2
of flatness on sealability is of prime importinice and’ thil ﬂttx_xetrmst

be maintained over the entire envirommental range of the ‘séal satsmbly; (3)
seal -ving flatness in the operating position is more important than *’isi
ness ir the unloaded state because sealing is required in a losded position,
not in the free position, (h) as speed increasss, the problems of cos hop
and fatigue also incresss, (5} the runout and surface quality of the zating
ring is of psramount impertance, and (6) the selection of ballows materials
and heat-treatment havz 2 definite effect on operating life and continucus
quality control must be maintained on the cssesblies to guarantee the high
reliability that is required for aircraft and missile componenis.

2!‘70 ’ o
Meber, R. L., "Component Gimbal Joint Bellows Liquid n Engine Feed
Iline‘", Solar Rﬁpto RIR 1&3“. June 26, 1%‘ 11501 .75.(!)-?1-02.

The development tests of the gimdal joint bellows (7.9 inches diameter,

2 ply, Inconel 718), included determination of axial spring rate (coagression)
the angular spring rate (deflection through 6 degrees), angular fatigue life
(with internal pressure of 103 psig), and pressure stability (12 deg. angu-
lated position, pressurized to failure).

248.
T Mellor, P. B., "The Ultimate Strength of Thin-Walled Shells and Circular
Diaphragms Subjected to Hydrostatic Pressure”, Intern. J. Mech. Sci., 1
(2/3), pp 216-223, April 1960. ;

The ultimate strergth of thin-walled cylinders, spherical shells and cir-

cular diaphragas subjected to hydrostatic pressure is investigated for zaterials
vhere strain-hardening characteristics can be fitted by the empirical equa-
ticn ¢ = A(D + ¢)B. Experimental values of maximum pressure cbtained in

ihe deforming of circular diaphrugms of initially cold-worked materials are
shown to be in good agreement with a theoretical treatasent by Hill.

%ﬂ. Bellows”, Metal Ind., 70 (3), pp 69-70, Jamury.ah, 1947,

A brief description is given of tbe hydraulic method of forming metal bellows.
This involves unrestricted {lowing of a thin-walled metal tudbe under consid-
ersble hydraulic pressure in a collapsible die, the latter comprising a
nusber of plates equal to the number of convolutions and spaced

squidistant, oo and surrounding the tube. The metal flows transversely
'aetmp the plates under this interrzal pressure, the tube being collapsed
endwise as pressure is applied, the bdallows thus being formed in ome con-
tinuous qperatiou.
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"Metal Bellows”, Process Comtrol, 2 (5, pp 1753;14{7;_ May 1955.

Bellows are used in a grest nusber of instruments and in other equipment
but many users are handicapped by a lack of sufZicient .informstiosn .on-the
subject. This article is designed to help by dlscussing scoe_of the-more
important points. The particular types described are hydraulically :formed
metal bellows, but apart from the msthod of menufacture-and the :special:
qualities these possess, the article applies equslly well to-other .types.

251.
"Metal Bellows", Mech. Eng., ]9, pp 573-5T4, June 1957.

A brief description is given of the design and msnufacture of formed
bellows. )

252.
"Method for Selecting a Metallic Bellows", Design Mews, 8 (16), pp 57, 59,
61, August 15, 1953.

After selecting the proper bellows system, the designer is faced with the
prodlem of determining the exact bellows specification. The problems enter-
ing into this calculation are those of determining the opersting charsc-
teristics of the system. The factors entering into these calculations are
first, the natural spring-resistance of the bellows; second, the resistance

of the opposing adjusting spring strength; and third, the functional resistance
of the valve r switch mechaniem excluding the adjucting spring. Information
is given in the article to ‘assist the designer. )

22;2. )
Meyer, R. R., and Harmcn, M. B., "Conical Segment Method for Analyzing Open :

Crowm 819:e6lls of Revoluticn for Edge Loading”, ATAA J., 1 (4), pp 886-891, e
April 1963. -

A solution, accurate, rapid, simple emough for design use, and valid for all
regions, bas teen cbtained for the stress distribution and influence coeffi-
cients for a varisble thickness shell of revolution formed by a generstor
of arbitrary shepe. The shell is sibdivided into & series of equiwlent
conical segaents vhose individusl thicknesses are the local segment average.
Conditions of continuity then are applied at the boundaries of each conical
segment to evaluate the indeterminate edge shears and moments using digital
equipment. Infiuence coefficient ccamparisons for a wide range of shell
geometries are mads between the come sciution and solutions by other methods
from the literature snd show agreement within 4 percent. The cone solution
reciprocity relations are shown to be valid to five significant figures.
Limiting conditions indicate that good spproximstions of the influerce coef-
ficients and the stresses cax be obtained by using 10 cones in most caser.
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254, N
'Z"'M.Lles, D. 0., "Direct Mechanical Determiration of the Dynamic Bupocuwf”" :
Diaphragms”, J. of the Acoust. Soc. of Am., 36 (8), pp 14T1-1478, wnt 196k.

The freefield resonant frequency and the deflection under given Mic mc- . -
sure 5f a thin, circular, clamped-edge diaphraga may be calculated thocrctic-

ally by well-knovn equations. Also, experimental means exist for a deter- .
minaticn of these quantities. No satisfactory theoretical or expcrhtgtgl -
method has appeared, however, by whica it is possible to obtain, for a . com-

plicated physical system, the diaphragm deflection as a Punciion of the

frequency of an applied sinusoidal pressure, cver a frequency range that

includes the natural diaphragam resozance. An exparimental method is dascribed

95y which a piezoelectric driver is employed to generate a sinuscidal pressure

of variable frequency in a confined gas, to vhich one side of & test dia-

phrage may be exposed. Equations are derived describing the gas-coupling

m=dium and the piezoelectric driver. By use of these equations, it is possible

to predict the characteristics of the apparatus. Modifications of the ap-

paratus are reported that extend the dynamic-rressure amplitude and the use-

ful frequency range, and the possibility of utilizing the apparatus for

dynamic calibration of pressure gages is noted.

gzz"nﬂler, D. R., "Bibliography on Thermal Stresses and Low Cycle Fatigue”,

Knolls Atomic Pover Lab., Report KAPL-2048, August 20, 1959.

This bibliography coasists principally of references to domestic publica-
tions on subjects that pertain to thermal stresses =nd low-cycle fatigue
in nuclear reaciors and power apparatus. Both major subjects are included .
in the same bibliography, because cyclic thermal stresses or thermal.differ-

ential strains are frequently sufficiently high tc cause fatigue crack-

ing on the order of 100,000 cycles or less. The prcbhlem of fatigue cracking

in this range of cycles-to-failure is considered iow-cycle fatigue. The

references are placed, according to the chavacter of the principal content,

in the following groupings: Material Test Mta, Service Experience and

Component Tests, Stress Analysis, Design, axl Miscellanecus.

256

(3

Miller, D. R., "Thermal-Stress Ratchet Nechanisn in Pressure Yessels”,
m Plper ko 58-5-129, 1”80

The combination of cyclic thermsal streases and sustained intermal pressure

in a vessel is shown to dbe a source of progressive expansion of the vessel

if the streases are sufficiently high. Criteris prasented allow detarmine-

tion of 1imits to be imposed on stresses in orvier to nrevent progressive

expansion or to allow estimation of the expansion per cycle where stresses .
are syfficient to produce growth. The effect cf strain-hardsning of the .
metal on progressive reduction of the growth rate is discussed.
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¥irabal, J. A., and Dight, D. G., "S(R-II, A Frogrsa to Perform Stress Aaslysis
of Shells of Revolution", General Electric Company Rept. KAPL-M-EC-19, BC-32,
June 1, 1962, )

This report descridbes a coaputer program developsd at Knolls Atomic Pover
Latoratory. The prograa solves for the forces, deflections, stresses and
straine in thin shelle of revolution. The shells may be gensral surfaces of
revolution with variable thicknesses and elastic moduli. Tar axisymestric
losdings considered include arbitrary distributions of normal, tangential ani
moment surface loadinge, as well as edge forces and deflections. Taes effects
of temperature variations in the meridional and thickness directions as well
as centrifugal loading due to rotation about the axis and vibratioa are in-
cluded. The additioansl effects of misalignwent, line loads, and elastic sup-
ports at the shell intersections are considered. The program numerically inte-
grates the shell equations using a generalized Adams-Moulton method. The inte-
gration proceeds along the shell with automatic adjustment of interval size for
saxious speed within the limitations of the presst error bounds. The integra-
tion error bounds, vhich aay be altered by input; are preset to give for sost
cases, four significant figure sccuracy. The method used permits soluticn of
probleas in which the sh=ll includes the axis of revolution. It also allows

siep chanzes in loadings and some shell properties. Although most of the progras

is written in FCGRTRAN, a nusber of subrouctines are written in Philco 2000
asseably language, which limits use of the prograz= to this machine.

258.
Morrow, JoDean, and Johnsom, T. A., "Correlation Between Cyclic 3train Range
and Low-Cycle Patigue Life of Metals:, Mater. Res. ani 8td., 35, pp 30-32,

Japusry 1965 {A65-1%62%).

An evaluation is described of availsble data on the fatigus lives of &8 estals
(including 21 steels, 2 cast nickel-based alloys, and a hot-pressed deryllium)
to assess vhich of the three suggestions (due to Coffin, to Mensim, and to
Peterson) for & universal vaiue of cyclic strain that would provide approxi-
mately the same fatigue life for all metals, gives the best correlatiom with
the data. A tabular comperison of the three ruies ¢f thusd proposed clearly
shovs that Peterszon's suggestion that il percent strain causes failure in about
1000 cycles gives the best sgreement with the central tendency of the experi-
mental results, and hes the least scatter. None of the three suggested rules,
hosever, gives particularly safe estimates.

#iaz, H., "Bin Integrationsverfahren fur die Berechnung der Biegespannungen
Achsensymaetrischer Schalen unter Achsensymmetrischer Belastung”, Ing-Arch.,
19, pp 103-il7T, 1951 (in German).

Ninz treats the analysis of axisymmetricslly loadsd shells of revalutica by
use of the cslculus of varistions. With this approach it is possibie vith the
use of known integrals, to reduce the sixth-order system to & systea of fowr
tirst-order differentisl equations for which numerical-integration methods are
applicable. Jo mumerical exsaples are included.

69




260.

T Murphy, G., "Analysis of Stresses and Displacements in Heat-Exchanger Expansion
Joints", ASME Trans., Tk, pp 397-k02, April 1952.

This paper presents a procedure for the analysis of stresses and displacenents
in an exvansion joint, when the latter is sssumed to be a surface of revolu-
tion. The analysis as presented employs a method of sguccessive epproximations,
but in generel, the solubion will be rapidly convergent. Possible thermal

gradients in the joint are not included in the analysis as given, but may be
introduced in the solution.

f

261,

T Nakemura, K., "The Tebles of the Functions for the Strass Analysis of the

Toroidal Shell of Circular Cross Section”, Bull. Facc Eng., Yokohema Nat., Univ., -

10, pp 25-49, March 196L.

In spite of many investigations, the analysis of*stresses in the toroidal shell
of eircular cross section is somewhat &ifficult for practical use. This may
be partly due to the fact thet such analysis reduires a considarable amount

of numerical work. The suthor hss developed a general method of solving the
toroidel-shell prcblem, which permits this difficulty to be overcome.

262,
\ Bakamura, K., "A Contribution to the Analysis of Stresses in the Toroidal

Snell of Circular Cross Section", Bull. Fac., Eng., Yokohsma Kat. Univ., 6,
pp 103-109, March 1957. .

Most practicable pressure-vessel heads have profiles made up of two circular
arcs. To analyze the stresses in such vessel heads rigorousiy, calculations are
based on the Love-Meissner theory, but the shell-theoretic calculations ususlly
involve a great deal of numerical work. In this investigation, tebles of solu-
tions of the simplified basic equations for the toroidal shell were calculated.
These tasbles which are valid within the limited range of interest are presented.

263.

Neal, Molly, "Sm'vey of Expansion Joints for Pipework Systems, I", Eng. Mater.
and Design, 8, pp 168-175, March 1965.

This article contrasts the respective advantages of rubber expansion Joints,
slip joints, and various forms of bellows Joints, and surveys the units cur-
rently available.

" Rewell, F. B., "Diaphragm Characteristics, Design, end Terminology", ASME,
New York, T4 pp. 1958.

An effort has been made to describe diaphragm characteristics in a logical |
arrangement, and to show how they are affected by changes in material, dimen-
sions, and treatment. The manual is divided into two principal parts: The
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first defines a diaphragm and its perfarmance characteristics, describes some
methods of measuring and representing them, and shows how they ars related shd
used; the second part deals with ways in which diaphra@ns -can be. constru.ted and
how varicus design details and treatments affect perroma.n.e characteristics.

Newland, D. E., "Buckling of Double Bellows Expansion Joints Under Internal
Pressure”, J. Mech. Eng. Sci., § (3), 1964,

Cor: ngated bellows expansioa Joints msy buckle under internal pressure in the
same way as sn eiastic strubt may buckle under an axieald joad. This paper is
concerned with the analysis of this phenomenon for the "universal expansion
Joint” which incorporates two bellows joined 5y & iength of rigid pipe. Tae
principal conclusion is that; by providing a correctly designed supporting
structure, the eritical buckiing pressure can be insreased to up to Tour times
in value for the same system with no supports.

266, '

Nippss, E. F., and Fishman, H. B., "Optimur Spot and Szal Welding Conditlous
for Inzonsl X", Welding J., Welding Res. Suppl., 33, pp 1ls-Us, January 195k4.

This paper dascribes the determination of the optimum spot and seam welding
conditions for 0.010, 0.015, 0.021, 0.031, and 0.052-inch Inconel X .sheet.
Inconel X is a precipitation-hardening alloy for high-temperature use. The

uaique properties of Inconel X and their effect upon spot arnd seam welding
are discussed.
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261

"Nolte, C. B., "History of Bellows-Actuated Flow Meters”, Imstruments, 23 (1),
pp 79-84, January 1950.

This article describes in some d=tail different types of flow meters and th2

developaent of bellows-actuated flow meters, Advantages of the various con-
figurations are explained.

saF TR R A RS AR e ¢ mizes”

268,

" Nolte, C. B., “"Rupture-Prool Bellovs-Type Flow Meters", ISA Proc., 3, pp 44.
h?, 1950.
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A brief nistory is given of the development of bellows-type flow meters which
would not be ruptured by cverpressure.
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269, o
North Americen Aviation, Space and Information Systems Divn. Test Rept., "LHE i
Feed Line Components, Saturn S-II", March 6, 1964. i
Prior to the tests and results described, problems were encountered with the t};;
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original bellows design. A combination of small convolution radii and tee-
thick welduents created premature fatigue failures. A design change was made
and weld-thickness control was improved. Bellows and gimbal assemblies were
then subjected to bending cycle fatigue tests (4400 cycles) both at room tem-
perature acd at LN, temperature while pressurized at 88 psig. The cycle life
exceeded the endurance requiraments. In arder to verify and supplement theoret-
ieal calculations of the gimbal joint analysis, strain gages ware spplied in
eritical areas on the gimbal joint during the pressure tests. In addition, ®
stress coating was applied to verify the accuracy of strain.gage locations.

270.
Norwcod, De L., "Sheet Metal Formebility at Asbient Temperature”, Netals Eng.

Quart., 5 (1), pp ¥1-51, February 1965.

A method was developed for predicting formsbility from the geometrical parameters
and the mechanical properties of the material. This article describes how it
can be applied to predict the sheet-metal formebility for any materiel used

in the 12 most important conventional forming processes.

273.

Nothdurft, H., "The Characteristics of Metal Bellows", Regelungstechnik, 3 (30),
pp 334-338, 1957 (in German).

In the use of metal bellows the following characteristics are of jnterest:

(1) elasticity, (2) permissible stroke length, (3) pressure resistance, (1)
critical capacity, (5) effective srea, and (65 durability. Atteipts to find
scme of these parameters with the aid of equations used in the theory of plates
gave results that disagreed with values found by experisent. Msthods for the
measuring of these parameters are therefore described and the results of these
experiments are stated in the foarm of approximation equations.

Fovickis, G., "Survey of Component Requirements and Availability for Ges-Cooled
Muclesr Reactor Power Plsuts®, The Franklin Institute, October 1962,

This report, a result of & litersture survey and responses from manufacturers,
wac written to assess the state of the art in design requirements and avails-
bility of reactor pressure vessels and supports, valves, expansion joints, and
piping for primsry circuite in gus-cooied reactors. 79 reactors are listed.
The above-mentioned equipment for these reactoars is described and discussed,
and lists of mwnufscturers are incliuded.
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Novoshilov, V. V., Thin Shell Theory, Translation of 2nd Edition, P. Noordhoff,.
Ltd., Groningen, The Netherlands, 19€k. )

This is oae of the claesical Russian books on shell theory. The first part of
the book nresents the derivation of the equations for arbitrarily shaped shells.
Tae remainder of the book is devoted to discussion of shells of psrticular
shapes. A considerable portion of the book is devoted to the coxplex forzmu-
lation of the egquations for shells of revolution. Tne asymptotic solution of

a number of shells of comstant curvature is discussed in considerable detsil.

274,
“"Funn, H. D., "4 Guide to Static-Pressure Transducers Tnat Have Diaphragm,
Bellows, or Bourdon Pressure Cells", Prod. Eng., 30 (1), pp 48-49, January 1959.

This article describes pressure transducers which sense pressure directly and
ccatinuously, as simple Bourdon pressure gages do, and which convert the result-
ing movemant cr positicn of the pressure element into electrical units. "Static”
hare means low-frequensy respouse--less than 4 cps. Another article, on piezo-
elactric tranczducers, covers higher freo-encies.

275.
Onat, E. T., and Haythornthwaite, R. M., "The Load-Carrying Capacity of
Circular Plates at Large Deflection”, J. Appl. Mech., 23 (1), pp 49-55, 1956.

This paper presents an approximate analysis for the load-carrying cepscities of
initially flat circulsr plates under various loading and sdge conditions and
subjected to slowly increasing load, Tie load capacity after finite deflection
1s estimated by assuming a velocity field based on the bLoundary ~onditions and
on the incipient velocity field of the flat plate, the anslysis beadg made for
a rigid plastic, noastrsin-hardsning msterial that yields according to the maxi-
mum shear-stress criterion. JYn several cases the results obtainad compared
favorably with test data for mild-steel plates; however, for vary thin plates,
better agreement was obtained by means of s purely menbrans-type analysis,

which is alsc presented,

276.
Cp het Veld, A.J.G., “Cr-Fi Steel Grades at Low Temperatures (Below -180 C)",

Metalen, 20 (4), pp 105-115, April 1965 (in Dutch).

A aritical survay of the mechanical properties of austenitic Cr-Ni steels at
and belov -180 C is presented. Attention is given to the influence of differ-
ent structural factors, such as cold deformation, and the presence of marten-
site, ferrite, sigma phass, carbides, and nitrides on mechanical behavior.
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Osilova, L. N., and Tumarkin, S. A., Tsbles for
Moscow, Akad. Nayx~SSSR, 91 pp, 1963 Tin Russian).

nted to permit the band calculstion of toroidal ahells. Functions are

ted in intervals of one degree in meridional angle and 0.0l in the param-
~€ter: R ’ ’

e a=;§-, osasl, wherero is the radius of the center of the torus from

the axis of symmetry and R, is the radius of the tarus.

278.
Osterman, J. A., "Study and Preliminary Design of a Hermetically Sealed Hydraulic

System", Lockheed Geargia Company, August 24, 1962 (AD 285847L).

Investigations of techniques for hermetically sesaling hydraulic components and
systems were conducted, and the preliminary evaluation and selection of internal
seals, hermetic sealing devices, and new system concepts were completed. Tenta-
tive requirements and design criteria for hermetically sealed coaponents and
systems are described in the first quarterly progress report.

279,
Ota, T., and Hamada, M., "On the Strength of Toroidal Shells”, Part 1, A Propo-

sition on the Solutions, Part 2, Examples of Solutions, Bull. Japan Soc. Mech.
Iog., é (2%), pp 638-654, 655-665, November 1963.

A method Zor solving the fundamental differential equations for the symmetrical
problems of taroidal shells is proposed im this psper. The perturbation method
is used, and the solutions are ocbtained in such a form that the numerical
values of the solutions may be easily found, if the values of the parameters
are given. The ranges of the values of the parameters in which the solutious
are available with satisfactory accuracy are checked..

280.
Palmer, P, J., "An Approaximate Analysis Giving Design Data foar Corrugated
Pipes", Proc. Inst. Mech. Eng., 174 (20), pp 635-6k1, 1960,

This paper gives an approximate method of analysis for corrugated pipes and
ducts, of the type in vwhich the carrugations have a constant radius of curva-
ture., The method is applicable to corrugations of any included angle, provided
that the radius of curvature of the corrugation is amall compared with the
radius of the pipe. The analysis is carried out using the principle of minimun
strain energy, in vhich the smallest possible nusber of terms are employed.

The advantage of the method is that results giving extension, bending stress,
and circumferential stress can be evaluated for corrugations with different
included angles, and simply presented in graphical fora. These results are
then resdily available for design considerations covering corrugated pipes with

™

les, based on the asymptotic solution of toroidal shells by Kovozhilov

-




internal pressure, axial load, and bending moment. The approximate vesultsisre
compared, vhere possible, with some results from more precise methods of anslysis;
and also with some experimental results, and the comparison shows the present’ -
method to be sufficisutly ascurate for design consiGerations. - o

281

Palmer, P. J., "A Method of Analysis for Axially Symmetrical Shells With _
Constant Meridional Curvsture", Quart. Mech. Appl. Math., 12 (&), pp 431-kk2,
1959.

This paper gives a theoretical method of analysis for shells of constant thick-
ness forming a surface of revolution with axially symwetrical loading and with
constant meridional curvature. The method of solution is to solve dirzetly the
basic differential equation governing the problem. The method is camprehensive
and spplies to a wids range of d=sign problems, although in the present insteancze
it is used to determine the stresses in pressurized corrugated ducsting.

232.

Patterson, J. L., "A Miniature Electrical Pressure Gage Utilizing a Stretchad
Flat Diaphragm", NACA Tech. Note 2659, 47T pp, 1952.

A variable-air-gap inductance type of electrical pressure gage is described
that is basically 7/16 inch in diameter and 1/k inch in thickness. The gZage
was designed to measure pressures fluctuating at high frequencies. It is also
capable of measuring steady-state pressures with errors of less than 1 percent
of full scale and has proved to be of value as a general-purpose electrical gage
for aeromautical work where small size and minimm respomse to acceleration
forces are impsc-tant factors. Design equations and curves are presented which

can be used %o predict the deflections and fundamental natural frequ2ncies of
stretched flat diaphragms.

233. .
Payne, D. J., "Nuserical Amalysis of thz Axisymmetric Bending of a Toroidal
Shell”, J. Mech. Bug. Sci., & (), pp 356-36%, 1962.

Finite difference approximations are used to anslyze a symeetricaily leadad
toroidal shell. It is shown that the equations derived by E. Reissnzr in
terms of Hyro (the product of the radial force per unit circumference normal
to the axis of revolution and the radius measured normal to ihe axis) and V
(rotation of the meridional tangent) avoid the difficilties which occwr, owing
to a singularity at the pole circle of a taroidal shell, when Melssnar's equa-
tions in terms of U = Qg (the product of the lateral shear force per unit
circumference and the second principal radius of curvatuve) and V are used. A
numerical example is solved with both forms of the equstions. The values cb-
tained for Hp, Qp, and V differ by less than 1% near the edge of the shell but
in the region of the pole circle there is no correlation between the two sets
of results. Comperison with Turner's analytic solution shows that the vulues
and positions of the maxima and minima differ by up to 6% and 3 deg. respectively.
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Penny, R. K., "Axisymmetric Benlirg of the General Shell of Asvolut.sa During
Creep", J. Mech. Bng. Sci., § (1), pp Lk-k6, 196k,

There are many applications in various fields of engineering where 'thin-shsll'
theory can be used to give adeguate solutions to practical prodlems. Although
a8 lot of attention has besn devoted toward solving the elastic shells, rela-
tively few investigationa .7 shell behavioar in which plasticity or creep occur
have appcared. In dealing with the creep of cylindrical shells, Poritsky fol-
lowed the procedure cutlined by Mendelsohn and others for solving plate and
disc problems. A different apuroach used by Onat and Yiksel or by Calladine
dealing with edge-lcadzad cylirders would require further davelopment before it
could be used in practical prrdlems. ‘Tne present pu.pose is to extend the
sethod of Mendelsohn to the general shall of revolution which is loadzd and
heated axisymmetrically.

Peterson, R. E., "The Role of Stress Distribution in Patigue”, Exptl. Mach.,
1 (4), pp 105-115, April 1961.

This paper comstituting the 1960 William M. Murray lecture to the Society for
Experimehital Stress Analyris, is a review of an area in which the author has
distinguished himself. The main thesis of the paper emphasizes the importance
of the stress distribution in the region of the maximma stress in understanding
the strength behavior of structural numsbers under service conditions. A dis-
cussicn of the elfective use of surface hardening illustrates this point in
simple, yet effective teras. An illuminating presentation of conditions for
crack formation and propagation in notches nusbers should prove of value to
design engineers.

286.
Pfeiffer, A., "Theory of Corrugated Diaphragms for Pressure-Measuring
Instruments”, Rev. Sci. Inst., 18, pp 660-664, Septesber 194T.

A hypothetical model for the distridution of stress in diaphragms is discussed.
It is ceastructed of members in series, with each consisting of one flexural
and one tension spring acting in parallel. This hypothetical model leads to

a correlation between pressure P acting on the diaphragms, corresponding deflec-
tion of the diaphragm h, effective diameter 2r, sheet thickness d, and "plate
modulus” F, as a measure of elasticity. This formula checks well with the data
for the suthor's test material as well as vith other experimental results on
disphragas with pressure-proportional deflection. The probadble relation of the
separate terms of the formula to definite annular zones of the diaphragm as
vell as its applicability to disphragas with other than pressure-proportional
deflection are discussed.
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Pike, E. W., and Gibbs, N. E., "Scudy on Aneroid Capsules", J. Appl. Phys.,.--+-
19, pp 106-108, January 1948. . ’ ’ ' :_’

The onalysis of aneroid capsule psrformance by the expansion of tka cbserved
pressure-deflection curve in Gram summtion-orthogonsl polynoaials is illustrated
on a series of 15 runs on 5 typical capsules. All of the deflection curves
examined contained significant cubic and quartic terms while a fev shoved fifth-
order terms., These high order terms are very unstable in sagnitude and sign for
successive deflections of the same capsule, and this aceounts for the very coa-
plex hysteresis curves which have besen observed. The relationship of these high
ordar terms in the deflection characteristic to the accuracy and cost of precise
aneroid barometers is brought out, and it is suggested that varometric systems free
of elastic redundancies must be davised if accurate barometers for radiosondes

and similar instruments are to be mass produced.

283.

Pohl, S. W., "Compatibility of Bellows Material With 1!204 and MMH", Douglas
Aircraft MSSD Final Rept. MLOL-151, 1954,
M Q; exposure tests were run on AM 350-SCT bellows samples at 70 F and 160 F with
O and 1 percent water addsd. Three samples each and three stress levels (above
yield, below yield, and no stress) were included at each condition. The exposure
tests for 2-week, L-week, 8-week, 12-week, and 24-week tests are reported. Com-
parison teste have been included on AM 350-H and SS 347-A.

A}

*

233.

Pollard, F. H., "Research Investigatioa of Hydraulic Pulsation Concepts”, Republic
Aviation Corp., February 29, 1964 (AD 431304). ;

This is the Fourth Quarterly Progress Repart under Contract AR 33(656)-10622.
During this period, system efficiency and transamission-line-loss method: were !
derived. Experimental system efficiency and line-loss data were securel from the
minjaturized system. Designs of a diaphragm- and mechanical-type transformer were
studied. 3Iystea-failure and functional-effect anclyses were made. Als), a
preliminary glossary of terms peculiar to puisating iydraulics was coapiled.

290.
Pomzy, G., and Grumbach, M., "Some Relationships Between Coefficients of Anisotropy,
Work Hsrdening, and Deep-Drawing Tests", Rev. de Met., 61, October 1964 (in French).

Tests werz made on extra mild steels, light alloys, and other materialr shich -
can be found in the form of sheet or strip.
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29L.

Porter, R. N., and Stanfard, H. B., "Propellant Zxpulsion m’u'nnned Syacea:a.ﬁ."
SAE-ASME Paper 8688, April 27-3C, 196%.

Bladders, disphragms, and pistomns uoed for the po-itin expulsion of enrth-t;orablu
liquid rocket propellants are discussed in general terms., "The h:l-tcry of JPL's

vork on these dsvices is reviewed as a background to the cm'ront procru_c A .
detaﬂedaccwntofthedevelopentanduleofbhddauin&wrmm ¢
spacecraft is presented. Toe final section describes an advanced develment

program aimed at providing technology for future spacecraft.

"Presaure Measuring Technigques Feasibility !'n.lmtion Instrumentution Div. of
Gulton Industries, Inc., 132 pp, July 1960-Novesber 1961

Based upon the resuits cbtained daring an investigation into the fabrication of a
Pressure transducer to operate in high-temperature enviromments, the varisble coup-
1ing pickoff approach appears to hive an upper practical temperatwre limit of
approximately 1000 F. Although transducers were coastructed which operated to 1500
F, the data cbtained above 1000 F were erratic ani showed insufficieat promise to
extend the usable range sbove this tespersture at this time. Saould the state of
the materials art advance in the nesr future, particularly with respect to ceraaic
cements, film insulations, stronger ductile metals and temperature-compensation
components, then the feasibility of constructing a transducer using the variable .-
coupling pickof? and diaphragm pressure-element technique will be considerably
enhanced,

"P.ressm Transducing and Instrumentation Techniques”, I, Bk I, Giannini Controls
Corp., Duarte, Calif., August 1, 1950 (AD 251111).

An engineering study and evaluation of pressure transducing technigues and re-
lated transaitting and indicating systea techniques is presented in two wplumes

of four books. Vol. I, consisting of Bks 1, 2, and 3, gives a general introduction
and covers the current state of the art. Vol. II includes improvements, miniaturi-
zation and new techniques, in addition to a reference section. Covered are pressure
ranges from 50 to 5000 psi and temperature ranges from -300 to 1000 F for rocket
fuels and oxidizers, aircraft fuels, exhaust products, engine lubricants, and hy-
draulic fluids., Transducers, comverting pressure into displacement, and transamitters,
converting trausducer displacement into a suitable electrical voltage, are covered
individually and in cosbinmation as to materisls, design considerstions, manufac-
turing, performance, and limjtations. Information on size, weight, input vs outpat
characteristics, accurscy, repea* “ility, relisbility, and life is given. Dis-
cussed are effects of and comper .on for corrosive media, tesperature, vibration,
acceleration shock, and nuclear r: .iation. Applications, recommended usage, and
performance improvements, advantages and disadventsges, are cited. Much of the
information is presented in the form of illustrations and tabulated data.

2%.

"Production of High-Strength Bellows”, Metal Ind., 97 (21), pp k23-k2%, Xov. 18, 1960.

Brief descriptions are given of techniques of making bellows of Monsl m& stain-
less steel.
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g”ﬁumm, P. P, et al., "Nmer:zil Anelysis of Equaticns of Thin Shells of . ™%
Remution, An, ka‘t 8oc. 7 @, 2’ P 36’&1, ﬂo 5 ‘:“\

A numerical analysis is given for the solution of the general equations ot %tﬂn
shells of revolution subjected to rotatiomally symmetric pressurs and ,
distributions. The basic differential equations are in a very general Form, :\“
peraits the geometry of the shells considered to be specified by mlcntne %ﬁ _
points. The analysis detexuines elastic stresses, strains, and 31 :
multilayer and-multisectional shells of revolution. Surfuce loads, tsvlmt'xi?_i,
.thicknesses, and material propsrties may vary arbitrarily in the meridicnel direc-~
tion. Temperatures and material properties can also vary through the vhiikaus.
Tae solution is obtained by direct computation using & nussrical method that
emplays two by two toefficient matrices and hence aveids the predless of &iow
convergence, The solution has been programmed in & semi-algebniin hn(m;e that
can be used on most high-speed computers. Comparisons of mmerissl salutionz &5
knovn exact and approximate solutions of the thin-shell equstions src m&ds to
deaonstrate the accuracy of this method,

Rslph M. Parsons Co., Teat Rapart, "Results, Prequalification Test for Flexidle
Metal, Wire-Reinforced Hose™, Fabruary 23, 1961 {AD 283712).

Tests of 1/2, 1-1/2, and 4-inch flexiblé-metal hose assesblies included visusl
examination, proof pressure (150 psig), meximu= deflection cysling (10 cycles),
and flow (222 gpa).

el
Rvnond, R. H., "Proper Pre-Weld Prictice Produces Better Aluminum Cryogeaic
Bellows”, Mod. Metals, 19,p 46, November 1963.

‘ﬁze never veldable allays snhance aiuminum’s competitive position for cryogenic
bellows and ducting, but rigorous control of febrication - especially welding -
is needed,

298,

Redner, S., and Zandeen, T., hpu'iaeuttl Stress Analysis”; Ind. Res., 7 (3},
pp 57-72, May 1965.

With ths auihbnity of easily vorked photoelastic plastics and costings and
efficient and iarge besms of polarized-light, in addition tc the devsiopment of
vericus types of strajn-msasuring devices and Moire-effect i2clmiguds, experi-
mental anslysis can be used to ohtain & gquick sod thorzagh undsvatanding of the
stress bahaviar of a structure,
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Reissner, E., "On Stresses and Defoarmations in Toroidal Sbells of Circular )
Crose Section Which are Acted Upon by Uniform Normal ‘Pressure™, Quart. Appl:-

Math., 21 (3), pp 277-187, Oeteber 1963.

The present objest is & more gensral spproxch to the problea through & systes of -
differential sguations which contain both the equations of the linear-dendlng
theary and of th2 nonlinesr-meabrane theory «s limiting cases, ind vhich remains
applicable in the transition regzioa when Yoth linesr bdending and nonlinear mem- -
brane action have to be considered simultaneously. Specifically, the objective
is to daterminc the ranges of values of suitable nondimensionsl parsmeters for
vhich linear d=nding th:ory ard nomiinear-mesbrsne theory sre appropriste, and
also the ranges of these parameters for vhich the problem belongs to the transi-

lon reginn between the tws limiting foras of the theary. Derivation of the differ-
ential eguations which govern the problem in all three ranges is accagplished
through appropriate specializotion of a genersl srstes of differential aquations
Por finite gysmatrical deflections of zhells of revolution vhich nas previously
been given by the suthor.

302.
Reissner, E., "On the Theory of Thin Elastic Shells”™, H. Reissner Amniverssry
Voluwae, pp 231-247, 1G%9.

Tnis paper is concerned with the subject of rotatiomally symestric d=formations of
thin elastic shelis of revolution. ZFirst a self-contained foarmulation of the .-
problem of finite symmetrical deflections of shells of revolztion is given. Froz
this the equations of the saell.deflection (linearized) theory are cbtained dy
speciaiizetion. From the general equations cf the small-deflection theory in -
a gysteantic manner a 3implified gystem of equatices is cbtained which applies .
s for shallow shells. It is showun that the sclution of this system cf equaticns
) carn be expressed in terms of Recsel functious for the entire ciass of parsboloidsl
shells of coastant thickrness. This generxiizes knowa resuits for
the case of 3 shallow sphorical shell for which the meridian curve is equivalent
to a second-degree parabols. I iz also shown that the solution can te given
in terms of elesmerntary functions for & clase of shallov shells with verying
thickness, such that the prcbles of conical sheils witk lipearly varying thick-
ness is frvcludsd as & speciel case,

3.
Reissner, E., "Rotstionally Symeestric Probless in the Theory of Thin Elastic
Suelle”, Proc. of the Third U.S. Matl. Congress of Appl. Mech., ASM®, 1958.

General problens in the theory of thin elsstic shells require the determination .ol
stresaes and deformations as x function of two space coordinates, Rotatiooally
sysnetric prodlexs have the property that stresses and dsfarmations depend on ocoe
cpsce coordinste only. Tiis means that, for time-indepandent problems, one is *
concerned with crdinary differential eccatione ratier than with partial differentisl
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equations. This paper revievs a number of problams and solutions in the field
of rotatiooally symmetric deformations of thin shells, all of them Sealing
with shells of revolution vhich are the most natural source of such problems.
Consideration is given to linear and nonlinear problems of the statics of
sheils of revolution, with particular esphasis on sxymptotic solutions and

edge effects. In addition, the problem of bending of pressurized curvad tubes
is formulated in consideradble generality.

L.
Rekate, H. L., and Schwartz, J. I., "Behavior Study of a Curtiss-Wright Snorkel
Flexible Exhaust Connection for Submarine Applicatioa™, U.S. Navy Marine Eng.
Lab, November 13, 1563 (AD 323023).

The vibration endursnce and shock characteristics of & flsxible camnection for
a Curtiss-Wright engine exhause system were investigated and found tz de satis-
factory. Frca previous investigations, it Lad been found that stainless steei
is a matarial for this flexible exiaust; Inconel should be considered. This

report presents a proposed »ethod for eveluetion of future dz2signs of fiexibie
conn=ctions.

393 .
Rothfuss, N. L., et al., "Design and Application of Metallic Flexurvs for
&;apent With Specific Life Requirements”, SAZ-ASME Paper 8711, April 27-30,
1964,

Tnis paper treats the design, apvlication, variations, and cosbinaticas of four
basic types of metallic flexures vhich do not have sliding or rolling load ~arry-
ing contacting surfaces - flat springs, round bars, curved besas, and Jiaphragms,
Flat springs develop into flexursl pivots, used to replace conventiomsl oscillatinz
bearings in equipment such as gyros, giwbal rirgs, and linkages of all types.
Round bars desvelop into tarsion bars to replace conventionel bearings »ith very
limited torsionsl movement and quili sbafts used as flexible shaftr with lizited
angular movement. Curved besms develop into the gimbal ring and the curved

besm lattice. Diaphragas develop intc specially shaped contoured disphrazms

for torsiomal losd cerrying cepability at high angular sissligoeents. Toe

basic kinematics, the equations for determining their approximate size, and

many nev applications are also discussed.

3%, .
Salymenn, F., “Compliance of Corrugated Expansion Joiats®, 127 (31}, pp 127-
130, March 1956 (Translated from Schweizerische Bauzeitung).

In this paper the compliance of corrugated pipes under the influence of forces
in the pipe axis directioa is studied, with full account takmn of hoop stress
infiusnce. Corrugated shapes cosposed of straight lines and arcs are studied;
the most favarable conditions with regard to coxpliance are found, Sabse-
quently the bebavior of bending losding is shown for individual cases.
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307.

"Sesumless Metal Beliows - Behave as Spring-Loaded, Frictionless Pistons When
Subjected to Pressure", Design News, 14 (16) pp 18-19, August 1959.

The characteristics and applications of sasmless metallic bellows are despﬁbcd
briefly. . £

Seibel, M.P.L., "Differential Pressure Gage", Electromechanical Desige, 7 (9),
pp 64-65, September 1963.

The preecsure sensing element is a sprirg-loaded bellows located in the pressure
housing. High pressure admitted through the high-pressure port acts upon the
outside of the bellows, while lower pressure admitted through other ports
acts upon the inside of the bellows. The bellows is compressed by the effect
of the net pressure difference but the absclute-pressure level has no effect
upon the bellows. Compression of the bellows moves a magnet along a bare in-
side the pressure housing and this movement is picked up by two follower mag-
nets, outside the pressure housing attached to a light pivoted yoke carrying
the pointer,

Seids, P., "The Effect of Pressure on the Bending Characteristics of an Actuator
System", ASME Trans. 82, pp 429-437, 1960.

-

-

The effect of internal or external pressure on the be [ of & cantilevered

pressure and pivot-point location and that instability of the system may
The experimental results given tend to confirm the behavior predicted by the
theory.

Sepotoski, W. K., ¢t al., "A Digital Computer Program for the General Axially
Symnetric Thin-Shell Froblem”, ASME Trans., 84, pp 655-661, 196.

This poper describes the development of a general computer program to handle
arbitrary thin shkells of revolution sudject to radially symmetric loading or
tepperature veriation. An elimination method is used to solve the set of
diffarence equntions obtained from the basic differential equations; a feature

of the wethod is that "edge effect” difficulties that can arise with conventional
differential-equation routinee are avoided. The program is quite flexible

sud permits discontinvities in shell geometry or loading. The results of .
appiying the program to several classical problems of known sclution are given. -
These results permit the examination of computaticnal accuracy for varying

boundary conditions and mesh sizes. Finally, some program solutions of uncon- .
ventional problems are presented. -
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Serensen, S. V., and Saneiderovich, R, M., "On the Investigation of the Stress-
State and Strength for Elastic-Plastic Cyclic Deformations"” , Ian OTN SSSR,
Mekh. i Mash., 4, pp 136-140, 1961 (in Russian).

This paper considers the dependence of the stress-strain behavior of & mater-
ial on the number of cycles through which the specimen is d=formed.

10.

Shawkl, G.S.A., "Assessing Deep-Drawing Qualities of Sheet, I, Stretch-Forming
and Wedge-Drawing Tests”, Sheet Metal Ind., 42, pp 363-368, May 1955.

This paper presznts s criticel review of the methods of assessing deep-
drawing qualities cf sheet metal developed during the last 50 years, and

discusses stretch-forming, wedge-drswing, deep-drawing, and combined simila-
tive tests.

Shield, R. T., and Irucker, D. C., "Limit Strspgth of Thin Walled Pressure
Vessels With an ASME Standard Torispherical Head", Proc. of the Third U.S.
Ratl. Congress of Appl. Mech., ASME, pp 665-667, 14%58.

Results are presented for the maximwm prezsure which an uafired vessel with
an ASME standard torispherical head can withatsnd before apprecisble plastic
deformation will occur. The effect of flanges on strength is considered.
Although the procedures outliied permit variation of pressure in the axial
direction to be taken into account fully, for convenience the calculations
are based upor the assusption of uniform interior pressure. Work-hardsning
s not of much significance for thin-walled vessels of the usual steels and
is igaored. 4 comparison is made with the ASME Cods for unfired pressure
vegsels., A real danger is pointed out which is especisily important in con-
necticn with britile fracture at low temperature.

312.
Saith, A. H., and MacDonald, ¥. R., "Alissing Errors in A. C. Bridge Trans-
ducer Measureaents”, Royal Aircraft Establishwent, Farnborough, 9 pp,
December 1963 (AD 438804).

A pressure-gsensing element (usually a disphrags, bellows or capsule) can,
under mechanical excitaticn, resonate at s frequency considerably higher than
the cut-off freguency of the acoustical system controiling the response to
pressure changes. Troubles of this naturs can te avoided by supporting the
transducer on suitable anti-vibration mounts.
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Smith, E. M., "Analysis of Creep in Cylinders, Spheres, and Thin Diges®,
Je. Mech. mgo 801., l (l), P &-%’ 1%5.

- A method of analyzing the creep behaviar of cylinders, spheres, and thin discs
is described in which the effects of time variation of the environeerntal con-
ditions of temperature, pressure, rotational speed and internal heat generation
may be accommodated. Deformation is considered as a series of steps each
consisting of a short period of steady state creep followed by instantaneous
stress readjustsent to resatisfy the equatioms of equilibrima and compatibility.’
The relationships for stress readjustment can be written down once for all,
since they are independent of the type of creep law used and of the length of
time interval taken. The simultanecus solution of these relationships is
presented in a form suitable for incorporation in computer prograas.

31k,
Standards of the Expansion Joint Meanufacturers Association, 2nd Edition,

The previous edition, published in 1958, was the first atteapt to set forth
recomeended standards, consistent with safety and service conditioms, for the
mechanical design and application of all the various types of Packless Ex-
pansion Joints, regardless of bsllows design and comstruction. The major
cbjectives of this first edition were to clarify the conflicting and asbiguous
terminology then in use in the industry and to establish and maintain high
standards of quality that would ensure Expansion-Joint users of long-lived,
trouble-free equipment. Since this second edition was greatly expanded in
scope, particularly with respect to camplex piping configurations involving
lateral deflection and angular rotation, it was hoped that its use as a
specification medium would increase.

315.
Stange, K., "Strains in an Anmularly Corrugated Diaphraga”, Ing.-Archiv,
2, pp 47-91, 1931 (in German).

This paper gives an approximate solution of a toroidsl segment in terms of
a power series in the angle § between the axis of symmetry and the norml to
the shell. It is assumed that sin § < 1 so that the solution is only appli-
cable to tarcidal segments of the type found in disphragms.

316.
Stednsn, C. K., "The Characteristics of Flat Annular Diaphragas", Statheaa
Lahoratories Instrument Notes, & pp, January 1957.

A good deal of information, both theoretical and experimental, copcerning
flat-plate diaphragas bas Leen published. But it is somevhat scattered, and
mostly pertains to dispbragms without central reinforcement. PFor this reascn
the equations for the rigid annulus, which is a consideradbly mcre versatile
form, are prasented in this issue of Instrument Notes with the thought that
its advantages night be mare widely exploited if design informetion were

mde readily availabie.
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1i7.
3""thedmn, G. E., "Metal Bellows Involve Unusual Metalworking Operations. in

Their Manufacturing”, Steel, 114, pp 116-118, April 3, 1944,

gbis article dsscribes processes for making hydraulic and spin-rolled metsl
:11cas,

a8,

Steele, C. R., "Shells of Revolution With Bdge Loads of Rapid cir*mtmntm
. Variation® (J. Appl. Mech.) ASE Trans., 8k, pp T01-707, 1962.

After an investigation of membrane theory, solutions to the gensral equations
for & thir shell of revolution of arbitrary meridian are ortained for rapidly
varying sinusoidal edge loading. The solutions from membrane theory arve

shown to be valid for shells near spherical shepe but can give quite misleading
results, particularly for shells of negative curvature. The "edge-effect”
solutions alsc are shown to become significantly modified for the high harumics.

39,

; Steele, C. R., and Hartung, R. F., "Symmetric Loading of Qrthotropic Shells
o? Revclution”, Lockheed Missiles Tech. Rept., March 196k.

zn this report, the problem of determining the stresses and deformations in

a thir homogeneous, orthotropic shell of revalution under the action of axi-
symeetric loads is reduced to the solution of a single inhomogeneous second-
order linear differential equation with a complex dependsnt varisble. Aaymp-
totic soluticas are obtained which are uniformly valid in Yoth the steep and
ehallos regions of the dome-shaped shell. The complementary, or “edge-
effect” solutions are expressed in terms of Thomson's functions of a non-
integer order. The order depends both on the shape of the meridian curve

at the spex of the shell and on the ratio of the elastic moduli. The parti-
calar solution is found in terms of an appropriate linear combimation of
Losmel's function and Thomson's functions. This particular solution is equiva-
lent to the well-known "membrane” solution in the steep portion of the shell,
but in the shallow portion gives significant bending stresses. The particular
and complementary solutions are used to investigate the behavior of orthotropic
pressure vessels with rigid rings clamped to the edges.

Gzl es

o

320.
: Steele, C. R., "Taroidal Shells With Nonsymsetric Loading", Thesis, Stanford
s University, 96 pp, 1960.

The eighth-arder partial differential equations for a shell of revalution
reduce for sinusoidal edge loading to an eighth-order ordinary differential
system - three simultaneous equations. These proved unwiel@y for the toroid
. and s0 were reduced in this work to one novhomogeneous integral-differential -
; equation vhich can be further modified to a form quite similar, except for
: the integral, to the fourth-order formulation of the axially symmetric problem
treated previously. Asymptotic forms of the four solutions of the homogenesous




equation for all harmonics were found to coincide with the hpod oocﬂ.htu'y-.
"ending" or "edge-effect” silutions of the symmtric probhg decaupe the -
harmonic index n did not appear in the terms that proved to ‘be isportant.
Solutions of the nonhomogeneocus equation coincide with mesbrane and inex-
tengional deformation solutions in the nonshallow regions of the shell, so

these have been investigated and their cmt:lon requirc.mta redn:od to
the numerical sclution of two aimple equations and sose mumerical integration.
Then using a generalization of the technique of R. A. Clark, w::tie solu-~
tions of the nonhomogeneous equations were found in terms of the mesbrane: -and
incxcentional deformation solutions and the functicn T used by Clark. The
results of this investigation sre limited to thin shells and slowly varying
loads. Criteria are given foar both limitatioms.

(

2o

Stein, N., and McElman, J. A., "Buckling of Segments of Toroidal Shells”,
AIAA 2nd Aerospace Sci. Meeting, January 25-27, 1965 (ATAA Psper No. 65-77)

Nonlinear differential equatioms of equilibrim and buckling equations are
derived for segments of toroidal shells near the equator and for segmen’s near
the crovm. The equations are derived for shallow-shell segmsuts by including
appropriate prescribed initial displacements in the nonlinear, rla% plate,
strain-displacement equations and by varying the total potential energy of

the system. Closed form solutions to the buckling equations are obtained

for simply supported segments near the equator having either positive or:
negative Gaussian curvature under pressure lcading with various inplane support
conditions. Results are presented in the form of charts showing buckling co-
efficients as a function of a curvature parameter associsted with the girth of
the shell and a parsmeter associated with the rstio of principal curvatures.
In sany instances the results indicate significant deviations in duckling
stress for the toroidal shells over the buckling stress for the correspending
circular cylindrical shell under similar loading and support conditioms.

*

22.

Stevenson, F. D., and Wicks, C. X., "A Metal n‘umoa Apparatus for Measuring
Vapor Pressures, Vapor Pressure of Arsenic (III) Oxide™, U.8. Dept. of
Interior, Burean of Mines, Rept. of Investigations 6212, 1963 (MW53-14255).

A metal diaphraga pressure relay system was constructed to measure vapor
pressures of the metal halides, oxyhalides, and other smubstances at tempera-
tures up to 700 or 800 C.

23

Stippes, N, and Beckett, R. E., "Symwetrically Loaded Circular Plates",
J. Franklin Inst., 257, pp 465-479, June 195k.

A solution is derived for the nonlinear deflection of a circular plate which
the authors feel is somevhat more gensral than Way's solution.
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32k,
Stricklin, J. A., et al., ’Ln.rge Elastic, Plustic, snd Creap Deflecticas of
?;;:s and Axisymeetric Shells", ATAA Journal, 2 {9}, pp 1813-1620, Septemder

A numeerical aethod is presented for ansiyzing large deflections of curvad

beams and large axisymsetric deflections of shells of revolution. The gowrn- .
ing equations that are in finite-diffurence form are solved by = Rewton- *
Raphson iteration procedure. The plastic ztress-strain relations are dotnr-

mined by assuming three independent slip planes that are the planes of mximun

shear stresses. The stress-strain relation slong each slip plane is assumed

to be iinearly strain hardening. This plasticity medel gives piecewise-

linear plasticity relations with determinate coefficients. For snap buckling
problems, the so-c&lled upper critical load is determined by introducing an
artificial spring opposite to the applied icad. The true load is then the

difference between ths applied load and the reaction of the sprinz. Tne

important mathematical consequence of introducing the spring is to yield s
single-valued load-deflection curve; thus allowing the critical loads to be
dstermined. The method is applied to several probleas incluling low arches,

circular rings, shallow and dsep spherical shells under elastic-plastic

deformations, and a shallow arch unier creep deformation.

Strcmer, P. R., "Structural Stabiiity of Taroidal Shells”, Lockheed Missiies --
and Space Cw, June 1963 (AD 423%23).

The toroidal shepe is of particular interest in space applications as &n -
optimux design for space wvehicle liquid storage containers and far inflateble *

ar collapsible structures. Toarus 32signs have also bsen used by ruclear
physicists to confine atomic fusion reactiions in particle accelerators. Both
linear and nonlinear methnds of strese analyzis have heer developed to study
the structural stability of these sheils; however, no refersnce to huckling
behavior of toroids was located in this review of the literature coveriag
the period January 1948 to Jun= 1963. A mdject index is included.

326,

Sutton, G. P., “Charts for Circular Disphragm Design; Referenze Book Shcet”,
Prod. Eng., 18, pp 167, 169, January 1947.

Charts which are presented provide dasign informstion for circular thin
disphragas, of uriform thickness and wvith fixed edges, subjected to a uni-
foraly distributed load. Chart A iz used to dstermine stresses and Chart

B is used to 7steiwine deflections fir & given materizl ard given dimensicns.
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Swindemen, R. W., and Douglas, D. A., "The Failure of Structural Metals
Subjected to Strain-Cycling Conditions”, ASME Puper No. 58-A-198, 1958.

Data showing the isothermal strain-cycling capacity of three matals, Inconel,
Hastelloy B, and beryllium are presented. It is noted that at frequencies of
0.5 cycle per min. the data satisfied an equation of the form X% = K, vhece
N iz the number of cycles to failure, ¢p is the plastic strain per cycle, and
a and X are cGastants whose values depend on the material and test conditions.
Date on Inconel are given to establish the effect of grain size, specimen
geometry, temperature, and frequency. It is found that, at temperatures
above 1300 F, grain size and frequency exert a pronounced effect on the
rupture life. Fine-grained metal survives more cycles befare failure than
coarse-grained material. Long time cycles shorten the number of cycles to
failure when the strain per cycle is low. Thermal-strain-cycling data for
Inconel are compared to strain-cycling data at the .ame mean tesperature.
Good correlation is found to exist between the two types of tests.

ﬁno, L. X., "On Torcida) Shells", J. Math. Phys., 38, pp 130-13%, July 1959.

Since the classical work of H. Reissner, the determination of the elastic
defarmation of shells of revolution under axisymmetric losding has been the
subject of mmerous investigations. For toroidal shells the problem has been
studied by Wissler and Chang using power-series solutioms, and by Chang and
Clark by means of asymptotic integrations. It is the purpcse of this note to
establish the solution in closed form, expressed in terms of a comparatively
unknowm function, the Heun function. Though the present szolutiom is still in
the form of a power series, it has some advantages over the previocus solutions
obtained by Wissier and Chang.

2&!"ve:r.'mllli, J. F., and Coffin, L. F., Jr., "Experimental Support for Geperalized
BEguation Predicting Low Cycle Fati ue”, Trans. AR 84D, &, pp 533-5M1,
Decerber 1942, :

A aimple equation proposed by Langer and based on relationships found by Coffin
bas been compared with measured values from 12 published fatigue tests with
different steels, copper, nickel, titanium, and aluminux allays. Equation
gives stress amplitude of low-cycle fatigue 8 = 1/2KcW-1/2 + 8, where 8, is
endurance limit, B modulus of elasticity, N cycies to failure and ¢ = 1/2¢p =
-1/2 1n (A/A;), vhere ¢¢ is fracture ductility (from static tensile test),

Ao initial ares, A final area. In most cases equation gives conservetive
values for low cycles, due to basing constant ¢ on static fracture ductility.

."felt System Amalysis Study for Propulsion Research Envirormental Chember”,
Research Management Assoc., Novesber 23, 1963 (AD 421020).

The feasibility of developing a facility for the testing of rocket propulsion
systeas employing high erergy, toxic, and hypergolic propellants under simulated

89

v 0 Ty Ty ¥
D T e

R NI R T v




space environmental conditioxs has been established through analytical studies.
Propellant storage and msin propulsion unit firing testing can be achieved

with a combination of dotble-walled vac'nm chémber and an exhauster system

separated by an impermeable flexible metallic interface that allows full *»
gimballing of the rockat aoctor.

3% )
Thoapson, L. M., "Welded Metsl Bellows, A Relisdle Positive Expuision Device
far Liquid Propellants”, AISA Paper No. Gh4-26h, Bell Aerosystems Co.

Ti= potentisl of the welded metal bellows device was explored during &

design study progresm by Bell Aerosystems Compuny in March 1963 for NASA, under
contract MAST-149. This program was conducted to evaluste metsllic positive
expulsion davices and to select the device baving the greatest potential for
manncd applicotion. In the initial phase of this progrsm, an indusiry-wide
survey was conducted to ascertain the state of the art in development of all
types of expulsict davices. The survey alsc included & review of the present
status of our technology, where it applied, and the monitoring of programs
currently in progress at Bell Aerosystems Company. FPhase I of EAS7-1%9 vas
compieted with a definitive design study and parametric amlysis of the three
most promising seiallic devices for a cylindrical envelope: the piston,

metal bladisr, znd velded metal bellows. The results of this parsaetric i
analysis demcnstrated the superior poterntisl of the metal bellows and this

device 'zas sslectzd for a camgrebensive design study in Phase II. -

2.
Thompson, A. I., "Rupture-Proof Bellows-Type Qrifice Meters”, Instruments,
25 (11), pp 3593-1596, Hovember 1952.

Inportant factors asscciated with rupture-p-cof dual-bellows flowmeters include
bellows construction, texperature cospensaticn, range springs; esse of ser-
vicing, freedom from over-range damage, high sensitivity, simple installation,
and spplicedility over wide ranges of diflersntial and gtatic pressures.

Thomsen, X. G., Yang, C. T., and Kobayashi, S., Mechanics of Flastic Deforme-
tion in Metal Processing, Mecuillan Co., New York, 1555.

The authors discuss the presently known metiuods of solution to some of the
problems of metal forming obtained from principles of plasticity. Comperi-
son of solutions with experimental data has been made where possible. Sub-

Jects covered include buckling, necking, frscture mechanics, and slip- .

line soiutions as applied to the processes of forging, extruding of solid anmd .

hollow forms, coining, rolling, spinning, mechining, and drawing of wire and

tubing. Much recent information is presented that is not othervise easily .

accessible, .
90




33k, ,
Thoason, J. H., "forsicn Bar Pressure Transducer”, Electromechanical Design,
8 (6), pp 46-50, June 1964,

The torsion-bar pressure transduzer is quite simple. Pressure applied at

the pressure tap applies a force on the arm which twists the torsion bar -
slightly. The evacuated bellows provide an absoiute reference and s chani-
cal balance. Bellows of the best available welded type aads of AMS 350 steel
wera selected for inherent uniformity of the affective area, good highstea-
perature characteristics, and good spring characteristics.

233
Timas, R. J., "Analysis of Toroidal Shells", Thesis, Northwestern University,
1953,

Tais dissertation gives a generalization of Clark's asymptotic solution of
toroidal shells to make the results to a wider variety of cases. An atteant
was mada to develop simple design formulss to be used under sp=cific
conditions.

335.
Toles, G. B., "Water-Formed Big Expansion Joint for ASCL Reactor”, Design
Eng., 9 (8), p 41, August 1963.

An ~xpansion joint was mads of 304L stainless steel, 1/h inch thick, The
diameter of each end was 10% inches. It was decided to hawe tha expansion
Joint hydraulically formed rather than roll-rormed (which would hawve been
far simpler) because the former method eliminated surface blemishes likely
to result from roll-forming. It alsoc was considered desirable in order to
achieve greater uniformity of metal.

k1
Tusarkin, S. A., "Analysis of Symmctrically Load=d Toroidal Shells With
the Aid of Trigomomstrical Series”, Prikl. Mat. i Mekh., 16 (5), pp 569-57k,

1952 (in Russian).

Th2 toroidal-bellows problem is solved in terms of trigonometric series in
the angle § between the normal and the sxis of symmetry. A toroidal bellows
with axial loeds is solved. .

38.

Tamarkin, S. A., "Asymptotic Solution of & Lincar Noahomageneous Sezond
Qrder Differential Equation With e Transition Point and its Application to
the Computations of Toroidal Saells and Propeller Blades”, Appl. Math. Mech.,
23, pp 15k9-1565, 1959.

This is a theoretical derivatiosn of the asymptotic solution for the toroidal-

shell equations. Estimates are obtained for the errors in the solutions.
One solution is obtained for a toroidal shell and compared with Clark's
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2irst resuits. Tusmrkin dié not seem to be avare of some of (lark's iatur S
papers vhich tontained 2he same results that were given in this peper. R

ﬁihxrm, Cs 3., "Stress amd Detlection Studies of Fist-Plate and Toroidal
Expsneion Beilwws, S\&:,gected to Axisl, Becentrie, or Internal Presaure Dosding”, s
J. Mash. Eng. Sei., 1 {2), pp 130-143, September 1959.

Tesin in axial compression, eccentric (hinge) loading and internal pressure
are dasriked for corrugated-pipe and flat-plate bellows., Strein gage swrveys
and defleciion readings were made for each test. A recertiy develnped theory
for the zaall elastic deflection of toroidal elexents is driefly descriked
and its splicatiorn o a wide range of bellows shapes and losdings is dis-
cussed. ¥For some flat-plate bellows, vhere the dapth of convolutiom is

auch sasliar than the over-sll radius of the bellows, an spproximate thaery
neglecting circuomfarential sffects is possidble, and comperiscn is mads beiwesy
this spproximsts and tha more exact thscry. Both theory and experiment

show Uhat the Jzcetion of She maximm stresses depends merkedly upon the
proportions of the telloes. General bdaliows design and construction probe
lems are examined ir the light of the stresses likely to be caused by sctual
service conditions of operation.

Turner, C. B., “Study of the Symmetric Elastic Loading of Scme Shelis of
Revolution With Special Reference to Toroidal Elements™, J. Mech. Eng. Sci.,
1 (2) pp 113-129, Septesmber 1959. .

The governing equations for the elastic bebavior of axisymmetrically loaded
thin elastic shells of revolution are derived and applied particularly to
toroidal shells wvhere the radius of revo. ttiom is much larger than the redius
of ring cross-section. It is showm that under these conditions the approxi-
mte equations are a special case of the Mathieu type. Some sclutions bave
recently been tabulated enabling the theory to be applied to structures

such as toroidal pressure-vessel heads, expsnsion bellows and similar shapes.
Comparison is made vwith an spproximate ssries solution of the ssme egquatioms.

3.
Turner, C. E., and Ford, H., "Stress and Defiection Studies of

Pipeline
Rxpension Bellovs”, Proc. Inst. of Mech. Bug., 171 (15), pp 526-552, 1957.

In the design of pipelines for high-temperature service, aliowance has to be
made for the thermal expansion of the heated pipe. One particular aspect of
this problem is the use of dellovs expansion joints which, particularly on
board ship, can tranmmit the pipe movements through dulkhesads vhile providing
a watertight flexidle anchorage. An approximete theory has beea devaloped
for the campression of a bellows, the convolutions of vhich haw = cross :
section formed by circular arcs subtending aay semi-angle o. Risurical results .




bxvs besn cxlculated for the two ceses ¢ = x/2 and o = /b, Riperimssits
have been carried out on six bellows, Pour 2orrugated-pipe type o = x/2,
. cae S-type o = /%, snd ons flat-plate type vhich wves not anlysed theoreti-
cally. Deflection and resistance strain-gage readiugs vere taken on each.
bellows, and reasonable agreement was found Betwean the theoretical and experi-
" aental resultz for the five dellows in which these could be compared. It Mas
been found that for certain design conditicns optimun relationships sxist
betveen boce, vall thiskness, sad radius of convolution for the maximum
flexibility. Stress irtensification and flexibility factors bave been cai-
calated to cover a range of bellows proporticas. )
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34z, —
Tarner, H. K., "Dosign Parameters for Elliptical Toroidal Pressure Vessels™,
Aerospece Bng., 21 {11), pp 33-38, Fovesber 1962.

A presentation is made of a design parameter curve far elliptisal toroidal
pressure versels in nondimscncicnal form, relating the radius of rotation
about sn sxiz to the ratio of the semisxes of the ellipse to mmintain t2ne-
sion throughout the pregsure wessel.

(3

k3,
LLMQ&I:J&, J. G., The Nechsnical Froperties of Hetuls, George ilien snd Unéia,
Ltd., London, 196k, -

*

- S, 3 E .
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This book covers the field of the asseamment of mechanical properties of
engineering materisls relative to design and mssufacture, theoreticel and
practical limitations on properties, Aifficultiza in analy:zing and record-
ing properties, and prodblexs associated vith ihe testing of materials and
types of testing mmchines. ;

bk,
ail, D, B., "Deteramination of the Estursl Frequenciss of ¥ibratioa in the
Breeze Bellows", Knolls Atomic Pover Lab. Rept. KAFL-N-IBV-k, Msvch b, 195%.

The investigation of the resonant frequencies of the Breese dellows which <
wvere used in the SIR Mark A 3-in. stop valves was continued. Toe effects of .
the exciting displacements and pressure differentials upon the fundsmental
and harmonic resonant frequencies of the extended and compressed dellowvs
were observad., Also, the effects of transverse restraint amd of fluid in
the bdellows upon the resonant frequencies were observed.
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.V&n der Pyl, L. N., -‘"Bibliograpiy on Disphrsgms and Aperoids™, ASNE Puper
&-“A-m, l%.

A Literative Survey Camittee wvas created by the Rezearch Diapirage Sub-

committee of the Research Committee on Mechanical Pressurz Elements to atcumm-

late & 1ist of the outstarnding papers and literature on "Diapiregmz and .
Aneroids”., This list wvas t. include many of the papers listed in the bidlio- .
graphy on "Diaphragas and Aneroids” published previcusly (ASME Paper No. 55-

A-280 by G. H. Lee and L. N. Van der Pyl) with the additioe of some missing

papers and some later papers., The 17] abstracts offer an account of the

available literature in this field. The abstracts are arrunged alphabeti-

cally under the name of the author ar senior author. A chronolozicxl index t

is also given.

Volkov, A. K., "Contact Problem of & Cambinsd Toroidal Shell With Ring —
Plates”, Inth. 2n., 3 (2), pp 331-336, 1963 (WGh-28A83) (translation).

This wark performs an spalysis of & system of equations expressing conditions
for contacst of an annular plate with a toroidal shell and describes boundary
conditions in comnection with the design of corrugated shelis for dellows.

BT
Volkov, A. K., "Determination of the Axial Rigidity of Grz:ugated Srells -
With Reference to Calculation of Bellows”, Inth. Zh., 2 {2}, pp 365-3T2, .
1963 (in Russian).

This note presents 2 simple method for predicting the longitudinel rigidity
of a dellows in terms of a strip of unit vidth by the coergy wethad of
Castigliano (beem thecry).

348,
Volkov, A. N., "Investigations of the tressed Slate of Toroidsl Shells”,

Inth. Zh., 2 {(k), pp 312-320, 1962 {in Russian).

This paper investigates the stress-strain stete of tori-36:l shrlis using the
asysptotic solutions of Novorhilov. Toa evfect of the singuierity st § = O is
diacussed.

389,
Voloshin, A. A., "Flexibility and Sticngth of Convoluted Bellows of Pipelines”,

Vestn. Mashinostr., &, pp 12-16, 1958 (in Russian).

In pipelines with an internal pressure of z %o % Xsfa°, coavoluted bellows
are widely used. The typical design is showm of & “allows with an intermal hinge

o
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coupier eliminsting the relative axial displacemert of the flanges. In its.
plene of motion the coupler peraits a linear and angular displacement of fhs—
flanges of the bellows. Spring rates for these types of motidn sre dstermined
experiventally for three bellows. ) )

Wahl, A. M., "Recent Research on ¥lat Disphregme and Circular Plates With
Particular Reference to Instrumeat Applicetions”, ASME Trans., 79 (1),
pp 83-87, January 1957.

A discussion ard literaturs survey of recent theoretical and experimental
d=velopments relating to flat plates and disphragms is given, with particular
reference to applications in pressure-measuring instruments. Developments
discussed include: Bffects of large deflections; initially dbuckled ia-
phragms; plates subject to plastic flow; analysis of temperature and accelera-
tion effects in diaphragms for pressure measurement. Some discussion of
instruments utilizing flat or nearly flat diaphragms is given and an atteapt
is made to indicate possible fruitful avenuss of future research in the
diaphragm field.

35l.

¥.ter, L., "Metallic Flexible Seamless Bellows", Mass Prod., 25 (11),
pp 50-59, November 1949.

Metallic seaxless bellows are design elements used in many types of apparatus,
instruwents, and plant equipment. Here are a few wali-known applications
using their elasticity in longitudinal axis: power elements for industrial
thermostats, cooling water or radiator thermoststs for motor cars, pressure
reducing devices, packless glands, packless shaft seals, expansion joints for
pipes, flexible couplings, noise dampers, peckless valves, special piston-
less pumps, ete. These applications may take the form of either a piston

and cylinder, frictionless and hermeticelly sealed, or of a flexible closure.

32,

Walter, L., "The Use of Flexibie Metal Bellows as Design Elements”,
Pert 1, 62 (2} Feorusry 1951, Part 2, 62 (6), June 1951, Can. Mach, and
Mapuf. Neus,

A general discussion iz given in both &-ticles of the design and application
of formed bellows.

Walter, L., "Use of Seanless Metaliic Bellows in Desziga®, Eng. Mater. &ad
Design, 3 {10), pp 618-621, October 1960.

The seamless metallic bellowe allows the designer %0 tombine the character-
istics of the helical spring and the semiflexible cyiinder. Brief descrip.
ticas are given of its use as a simple spring, a pressurs-seasing device, or
as a means of accommodating variations ia pipeworke.

9%
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Well, X, A., and Newaark, N, x., “Laxge Plastic Deformstions of circnhr .
Meabranes”, J. Appl. Mech., 22, pp 533-538, 1955.

An investigation is presented fro the plastic behavior of c&wﬂ gircular
. membrsnes subjected to hydrostatic prezeure, based on the Hereky-Mises
theory. XNevw strain-displacement relzt*.as, valid for finite deforamtions ..
in the plastic dommin, are imtroduced. The solution is presentad in terms -
of two simvltaneous isplicit integral eguations, which #an bé soived Yy
numerical methods. The sclution also peruits the formaliaticn of the imétebility
condition. Experimentsl work consisted of bulge tests carried ocut on snmealed
copoer plates of two thicknesses, whose T-y curve was praviously datermined
from unisxial tests. A& good correlation was cbiained hetween thecretiesl:
predictions and sxperimental results.

mweingu'ten, V. 1., Morgan, K. J., and Seide, P., "Klastic Stabiiity of Thin-
Walled Cylindrical and Conical Shells Under Axisl Compressiocan”, AIRA J., 3 {3),
rp 500-505, Narch 1965.

Results of an extensive experiments) program on the\stsbility of cylindrical
and conical shells under axial compression sre prasénted and discussed. The
experimental data indicate that the buckling coefficient varies vith redius-
thickness ratio. A study of other data in the literature showed that most
of the experimental results f2ll within or nesr the scatter-band chtained in
the present evalustion. A lower bound ddsign curve is also contained in
the paper.

:E:E'"Veimntal, E. B., 001e, C. F., and Bitler, J. A,, "Welding Practices for
Berylium Copper Allcys", Welding J., §2, pp 207-212, March 1963.

This paper provides an introduction to the use of beryllium-containing
copper ellays in welded strustures. The factors most affecting wveldability
and veldment properties of allays containing 0.25 to 2.0 percent berylliva
are: the refractory oxide formed during welding, weld fluidity, base metal
conductivity, specific heat ard post.welding heet treatment. Because of the
refractory natwrs cf beryllimm oxide, the quality of velds resulting from
mltipsss operations iz influenced partially by the interpass joint prepar&-.
tion snd cleaning procedures. JIn Zhis acpect, the welding of these allays
requires practices siamilar to thoses followed in the welding of msterisls con-
tuining aluminum and titanivm a2 hardening sdditions. Because the thermel
coaduetivity and the melting point decrease with increases in beryllium
content, the allays containing more barylliua appear the more readily weld-
able. Weideent quality and mechurical properties before and after various
thormal treatmentis for several haryllium copper allays in sheet and plate
fora are discusaed. Where good protectire atmosphere is providaed, sn

alloy similar to the base metal cea be usad as & filler metal. Using the
gas tungsien- and metal-are welding proceseses and the electron.beem process,
1ittle allcying occurs. After postwelld thermal trestasnt, weld

matal properties approach those of the base astal.
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358,

Hells, J. D., "Devalopsent Tests - Alusinue Bellese®, S‘-z,.nhss m . - ST
Inc. Rept. Hs. 2115, Novesber 7, 1963. R LE

The purpoze of this report is to describe the development tasta par!cmé ;m
three slumlnue bellows designs for the Maritin Company. The sssomblies i:a:té:!

inzlude & 1.5-inch dismeter bellown, a G<imch diwmater dellows and dued.

assemdbly, and a 10-inch dimseter bLellows. A Dwther purpoee of this TM

is %o outline the difficulties encountered in vibration testing and to show
that vibration dasgparz will be required on these dssigns.

Werner, F. D., "The Design of Dinptmms for Pressure Gages Which use-the
Boaded Wire Resistance-Gtrain Gage”, . 8oc. Bxp. Stress Awal., 11 (1),
Pp 137-146, 1953.--

The problem of comprcwising smong high sensitivity, high ratural frequancy,
ssall size, adsguate strength, wids pressure range, linear rsspoase, ete., in
the design of diaphragms for diephragdm type pressure gages vhich use the
bonded wire resistance strain gage iz examined in datsil. A systemtic pro-
cedure for finding the best compromiss is worked out. A good basis for come
parison among various materials is estsblished, snd s comparisoa is given in
taduler form. The design procedure is given in 5 equatioms, and for steel,
dural, and aagaesium allqy, the deaign 2qustions are graphed in a manner
which makes dzsign especially convenient and rapid. BSome suggestions for
making the diasphragm are incluied.

Westerheide, D. B., Cliffard, J. C., and Burnet, G., "A Diaphrsga Pump
for Liquid Matal Service", Ames Lab., Iowa State Upniv. of Seci. & Tech.,
R&D Rept. Mo. N-63-138i2.

The use of cantrifugsl and electromagnetic pumps for liquid metals is driefly
reviewed. Details are provided on the comstruction and operation of a two-
stage diaphragm pump successfully used for the first time in liguid metal
service, From the results of a 5376-hour test of the pump it was concluded
that it is well suited to the puaping of liquid aetals at low flow rates
where pulsating flow can be tolerated. Operating temperatures and pressures
are limited only by the availsbility of suitable materials of coanstructioa.

360.

"When Selecting Bellows", Prod. Eng., pp 134-136, April 1936.

Descriptions are given of steps in the manufsciure of gas-tight flaxihie
actal bellows of corrosion-resistant materials foraed from dvawn $ubes by
rydranlic pressure., Methods of d2signing for minimum cost require considera-
tion of bellows sanufecturing processes,
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361, R
White, E. L., and Fink, F. W., "Haterisls of Construction for Handling - _
Fluarine”, Proc. of the Propellant Thermodyn. and Madling Conf., yp 161-181,
1?).90 . i T

Trere is considersble informmtion on the corrozion bebavior of materials -ex-
posed to Tluorine. Ko materdal is completely inert to attack by this-extremely
active elemeri. However, many of the common coustruction materials, vhen
used in the established temperaiuvre ranges, can be expected to give acceptable
service., HNickel allgys can be used wp tc 1200 ¥; aluminum snd msagnesium to
o920 F; copper, and possibly thorium, %o 700 F; pure irca to 600 F; mild
etzels with low silicon content to F; and titanium and zirconium to 300

F. Cbromium plate is useful $o a% lwast ACO F and nickel plate to higher
texperatures. The use of tantalum, tin, silver, lead, platinua is posaible
at rooa temperatures. Silicca, vardium, rhenium, and wanium are sttacked
even below roam teamperature. Liquid fluorire at liquid-nitrogen tempers-
tures is more corrosive than the gas at room tespersture. The metals which
cen be used with liguid fluarine are nickel and nickel allays, stainless
stesls, aluminum, megnesium, mild steel, titanium, tantalua. and zirconium.
Bxcept for very special applications, the caly organic msterials vhich can

be used with either liquid or gaseous fluorine are the fluorocarbous. -Poly-
tetrafiuoroetiylene is the best. Of the nommetallic inorganic msterials,
alunina is very resistant. Glass, asbestcs, and same cermets may have lim-
ited uses, and carbon materials are nct recamsended for elevated temperatures.

362.
Waitten, D. C., "™Ten Ways to Use Metal Diaphragas and Cspsules”, Prod. Eng.,
29 (7), pp %-93, February 17, 1958.

Brief descriptions are given of various applications for metal diaphragas.

363.
Wigotsky, V. W., “Volume Compensating Welded Bellows", Design Wevs, 15
(10), pp 6-9, May 9, 1950.

Derices such as yros, accelerometers, and cther flosted instruments are her-
metically sealsd, must correct for fluid-volume changes vith tesperature and
often rsquire optimum demping charscteristicas. This article presents typical
applications, physicesd propertics, snd design data relative to use of volume-
compensating welded bellows to achieve these cbjectives.

"i‘otm’ ?. V., mm mm um - hl't I" m'm m’ ._1_6.
(3), e 8-9, Jarwary 1561,

e versatility of welded dicphrogn metal bellows has created aany nev uses
ard imgroved performence in msay conventionsl applications. Welded bellows
as & iorque transaitting device cn & submerive periscope and as & replace-
ment for a apring ir a fIuid filled control mechanism are only two examples.
Thay iilustrate how the perfarmsace of these bellows can be varied to suit
the ooed.
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February 1961. :

Design curves and charts were prepared from test data and mathematical analysis
and are based upon AM 350 (AMS 5548), a precipitation-hardening stainless
steel, heat-treated to Rc 42.45 hardness. Curves on spring rate are approxi-
mate and serve to orient the Gesigasr rather than pinpoint exact values.

Curves on the life expectancy are conservative. The flat plate and nesting
ripple contours generally are used in the gero to 300 psi pressure range

and require a similar design approach. The single sweep and torus designs
gensrally are used above 300 psi and require considersbly different treat-
ment. It appears desirable, therefore, to present comparable engineering

data on these two contours at a later date.

Wildhack, W. A., and Goerke, V. H., "Corrugated Metal Diaphragms for Air-
craft Pressure-Measuring Instruments™, NACA Tech. Note No. 738, 1939.

A large numder of corrugated diaphragms of beryllium copper, phosphor bronze,
and Z-nickel, having geometrically similar outlines but of variocus dismeters
and thicknesses, were formed by hydraulic pressing. The apparatus and the
technique used in the manufacture, the testing, and the heat trestaent are
dascribed. The shape of the diasphragms was such that the central deflections
were nearly proportional to the differential pressures up to deflections of
2 percent of the diameter. The pressure-dezflection characteristice of the
various diaphragms were correlated with the thickness, the dismeter, and the
elastic properties by dimensional analysis to cbtain formulas and charts
applicable to the design of similar diaphragms. For comparison, some data
are presented for flat diaphragas and for corrugated diaphragms differing
slightly from the standard design. The use of the experimental results in
the sslection or the design of corrugated diaphragms is driefly discussed.

Wildheck, W. A., et al., "Investigations of the Properties of Corrugated
Disphragme”, ASNE Trans., 79 (1), pp 65-82, January 1957T.

The pressice-deflection characteristics of corrugated diaphragas are correlated
by methods of dimensional analysis. Experimental results for various sizes,
materials, thicknesses, and shapes of disphragms indicate that the performance
for diaphragms of any given shape may be computed from a dimensionless for-
mla derived from experimental data oa other disphragas of that shape.
Linear-shell equations are derived for combined bending and stretching effects
with lateral loading terms for rotatiooally symeetrical shells in appropriate
independent and dependent variations® suitable for complicated meridial

shapes, and with dboundary conditions associated with practical diapirage
spplications. The method used for sclving this gystem of equations on an
electrenic digital camputer is described and numerical solutions are presented
for a specific diaphraga subjected to uniform pressure loading. Suggestions
are presented for future research, bcocth thearetical and experimental, on
diaphraga properties and performance.

99

Wigotaky, V. W., "Welded Disghraga Bellovs - Part II", Design News, 16 (5);-9p 8-9,
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Wildhsck, W. A., and Goerke, V. H., "The Limiting Useful Deflections of Corru-

sated Netal Disphragms”, NACA Tech. Note No. 376, 1942.

The limiting useful deflection of a disphragm msy be defired as that deflec-
tion vhich is followed by an arbitrarily chosen allowsble limit of hysteresis,
aftereffect, 4rift, or zero shift. Preliminary results raported previously
indicated that the limiting deflection is mainly dependent on the dismeter,
and the mzterial and only slightly dspendent on the thickress of the dja-
phraga. In order to investigate further the useful limits of diaphragm per-
formance, measurements wvere made on & large mmbar of corrugated diaphragms
of similar shapes but of various sizes and various metals. The materiais
studied include phosphor bronze, beryllium copper, A-nickel, B-Monel, E-Nooel,
and Inconel. The apparatus used in making the mesasuwrsments is dsacrided.
Data were cbtained on the relations between pressure and deflection, Geflec-
tion and hysteresis, time and &rift under constent load, time and recovery
after release of losd, and zero shift and deflection for the various diapkrages=.
MNany of the results are presented graphically. ‘The performarnces of the diff-
erent materials are compared and the characteristic constants for each mat-
erial are deduced for use with design farmulas. The results are analysed

to determine the correlation of the limiting deflections with the thicknesses
and dismeters of the diaphragms and the elsstic properties of the msterials
used.

.

Williems, G. R., "Measuring Young's Modulus by the Resonence Method", Instr.
Practice, 19, pp 319-321, April 1965.

The fundamental relationship between Young's Modulus and the velocity of
sound is considered, ani a new instrument is described vhich uses this re-
lationship as a means of measurement.

310.

Winborne, B. A.,"Simplitied Forsules and Curves for Bellows Analysis®,
Atomics Internationl, August 1, 196%.

Design of relisble bellows requires (1) solution of the prcoleam, te obtain
the required nominal dimsnsicns by use of the best thecretical wethols
available, and (2) eliminstion of strass-raisiag irfiverces vhich can pro-
duce stresses much higher thar those calcviated. SimgpliiZied theoreticsl
design procedures, beam-theory equations with cherts to supply curveture
corrections, are presented in this raport for welded plate, convolute, snd
toroidal bellows. Factors in design vhick, in iarge convolute-zhaped bellows,
produce stresses much higher than those caiculated, are discussed in destail
in another report. A digital-computer program was developed, based cn
asymptotic shell theory, to obtain design charts correlating stresses in
shallov ahell-shaped (welded piate) bellows wiih those in more sisple struc~
turel elemsarts. These dssign charts were developed to perait s Ireaentaticn
of four shell-theory parameters on one graph sheet, and thus avoid use of
cosplicated nomographic charts.
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Winborne, R. A., "Stress and Elevated l‘elpergture Fatigue Characteristics of -
Large Bellows", Atomics International, Septesber 15, 1964 (W64-29352). . -~

Ten large 20-in.-diameter 304 stainless steel bellows were tested to or near
fatigue fajlure; nine to 1200 F soijum, and ane in air at 70 F. Tne data
inlicated that, at 1200 F, fatigue life of axially deflected large convoluta-
shaped bellows, without internal pressure influence, was mainly dstermin=3 by
bellows geametry, and was associated with a factor p, used frequently in asyap-
totic shell theory of convolute-shaped bellows. On 2 log-log chart there appeared
to be a linear relationship between 1/u ani cycles to failure of axially de-’
flected, large convolute-shapad bellows at 1200 F. Tae fatigu= life of &
bellows with a high i valus (p = 6) vas less than 1/100 that of a bellows with

a lov p value (b = 0.25). Conventional high u (1 > 2) bellows always failed

at, or near, the weld=2d junctures of the bellows-to-pip2 ends where strasses
were highest. With stresses very uniformly distributed over their profiles,

low p (b = 0.25) bellows appeared to be relatively insensitive to stress raising
influences. The fatigu= test performance of one toroid-shaped bellows wvas
excellent. Charts in this report show axial stress distribution over exterior
bellcws surfaces induced by beliows axial deflection, and by internal pressuri-
zation. The infiuence of roo% rings on stress distribution 15 presented
graphically.

312.
Wintergerst, E., and Lintz, H., "Properties znd Applications of Metal Diaphragms”,
Regelungstechnische Praxis (Munich), 7 (5), pp 160-165, May 1959 (in German).

Introductory remarks are followad by a survay of the method of calculation znd
also of the properties and applications of metal diaphragms. A short refereace
is mad2 to the wellkaown formalas for calculating plain wmetal diaphragms. How-
ever, the asthods of approximate calculaticon of concentrically coavoluted dia-
phragms, which have been davelop=d only recently, are desit with wore fully.
Ta2 article comtains, furthermore, a brief report on empirically foumd values
and examples of the application of mctal diaphramms in measiring and coatrcl
davices, with particular consideration of the surgin of safety at excess
pressuras,

3. '
Wolley, H.W.G., "Manufasture of Barometric Bellows and Like Corrugated Tubes",
Nuclear Bng., 2, p 49%, Novesber 1957 (British Patent T7T7,146).

The main object of this ianvention is to form a corrugated tube or metal bellows
in which the wall thickness is substantially constant in the corrvgated parts,
that is, within a toleranze of 10.031 inch with a well thickness of the ordar cof
0.020 inch. Accarding to the invention s prozess for forming a tube of uniform
wall thickness into a corrugated tube of uniform wall th’ckness in the corru-
gated parts comprises forming the corrugations successively with the unformed
part of the tube unrestrained from moving axially toward the corrugations as
they are formed.
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Wrathall, T., "Miniature Pressure Cells", Instruments, 26, pp 736-T39, May
1953.

Righ-speed aerodynsaic testing requires the use of small pressure cells daving '

good dynsmic charscteristics. Such cells uswmlly esplay & fixed-edge disphregm
and make use of sensitive electronic detecting equipment. Comstruction-details »

and general characteristics are given for three types of minixture pressure ~
cells developed and used by the NACA. These three are resistive, capacitive,

and inductive. Buffeting and flutter ressarch requires the maasurement of

fluctuating air loeds 30 that with increased emphasis oo this kind of testing

such cells will play an incresasingly important role as a resesrch tool.

F1#13

Zakharov, Yu. G., "Measuring Pulsating Pressures With the Aid of Mesbrsne
Transducers”, AFSC, WPAFB, FID-TT-63-737, AD 433076 (translatiom).

In the inveastigation of transient regimes and in a number of other ssrodynsaic

problems it becomes necessary to measure a pressure vhich changes with time.

The instruments usually used for this kind of measurement are mesbrane trszie-

ducers, vhich transform & varisdble pressure into an electrical voltssz or

current, the changes in vhich can easily be recorded with the zid of an oscillo-

greph. The different kinds of electrical traneducers - capacitive, inductance,
tensometric - are videly used at the present tizz in serometry. This article . "
atteapts to determine experimentally th: correction factors for the msasured
mmmmotummmm,mmmmmthe

inlet tube as a single cacillating system. «

6.

Zenove, K. F., and Novoghilov, V. V., "Symmstric Deformation of a Toroidal
Shell”, Prikl. Mat. Mekh., 8 (5), pp 521-530, 1951 (in Russian).

mmausmwiemumramwmtam
toroidal shell in teras of Hankel functions. The particular solution is developed
in terms of a trigonometric series.
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